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I. INTRODUCTION 
The United States receives an annual precipitation equal 
to 3 depth of 762 mm over its surface area. Some 70%, or an 
equivalent of 553 mm, goes back to the air through the évapo­
transpiration process. The remaining 229 mm, or 30%, enters 
into the streams, lakes, and rivers (Renne, 1965). Consider­
ing that 70% of the annual precipitation is used by évapo­
transpiration, agriculture has a vital role to play in maxi­
mizing its efficiency in using this major portion of the water 
budget. 
Water is crucial in the life of plants, and frequently 
constitutes the basic limiting factor in the production of 
crops. To grow successfully, each plant must achieve a water 
economy such that its demand for water is balanced by the 
supply available. The real problem is that the evaporative 
demand of the atmosphere is generally continuous; however, 
the supply of water by natural precipitation is only occa­
sional and irregular. To maintain the flow of water from 
plants to the atmosphere, they must rely upon the reserves of 
water stored in the profile. In fact, most of the time there 
is a continuous flow of water from the soil to the atmosphere 
along a gradient of decreasing water potential. Since most of 
the required water is taken up by the root system, its dis­
tribution into the profile and its capacity to obtain water 
under any environmental condition is decisive for total plant 
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growth. 
Any attempt to control the quantity and availability of 
the soil water to plants must be based on a thorough under­
standing and a quantitative knowledge of the dynamic balance 
of water in soil. Every plant has its own ability to extract 
water from the soil reservoir at a given condition, and on the 
other hand, every soil has its own hydraulic characteristics 
at a given soil water potential. Many questions remain to be 
answered as far as soil-water-plant-atmosphere as a system is 
concerned. Haw readily can plants draw water from the soil 
and to what limit of soil water can plant growth be maintained? 
Ho^v do plant, soil end meteorological factors combine to de­
termine the actual évapotranspiration rate, as well as the 
biomass production for each unit of water transpired. The 
study of those relationships is of fundamental importance in 
crop production. 
This research was conducted under field conditions with 
the basic objectives (a) to study the relationships between 
water uptake and plant root distribution for soybeans, sor­
ghum and corn grown at the same atmospheric conditions, (b) to 
find the ratio between actual évapotranspiration and open 
pan evaporation, and (c) to determine the relationships between 
quantity of water used and dry matter produced, leaf area 
accumulated and plant height increased for the three crops. 
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II. REVIEW OF LITERATURE 
The study of environmental effects on the soil-vater-
plant relationships is complex due to the various aspects 
involved in each subject. Some of the more important aspects 
related to the objectives of this research will be reviewed 
here. 
A. Energy State of Water in Soil 
The energy state of water is probably the most important 
single physical characteristic of the soil-water system. If 
two equilibrium states are considered, the work necessary to 
move water from one state to the other is a measure of the 
potential energy acquired in the process of water flow, accord­
ing to Nielsen et al. (1972). Potential, by definition, is 
the energy per quantity of the substance under consideration 
and its sign depends upon the state chosen as reference. 
For practical convenience, various components of water 
potentials or combinations of potentials are combined into a 
single water potential. For water at rest in a system with 
respect to the earth's surface, the sum of all the potentials 
at that point must be either constant or zero if the arbitrary 
reference level is taken at water level. Total water poten­
tial was defined by Baver et al. (1972) as; 
YT = Wm + Wg + yp + Yo + Wn 
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Where fm, ¥g, ?p, ¥o, and YO are the matric, gravity, pres­
sure, esmotic, and overburden potentials, respectively. 
The potential that has the greatest relevance in soil-
water-plant relations is made up of a matric and osmotic 
component. This combination is referred to as "soil—water 
potential". Other potentials can be involved in the process 
of water uptake by plants, but their values are small compared 
to the values of matric and osmotic potential or even compared 
to the errors associated with the measurements. 
B. Water Flow in Soils 
The equation describing the flov of water through porous 
media was empirically formulated in 1856 by Darcy, a French 
hydraulic engineer. According to Kirkham and Powers (1972), 
who used a rectangular coordinate system such as the conven­
tional X, y, z, Darcy- s law can be written as: 
Q = -K A(h2 - h^)/(z2 - z^) 
where: 
3 Q = the quantity of water per second (cm /sec), 
often called the flux 
K = hydraulic conductivity (cm/sec) 
^1*^2 ~ hydraulic head at each end of the sample (cm) 
Z2~Z^ = length of the sample (cm) 
A = cross sectional area perpendicular to flow (cm ) 
The negative sign in the Darcy equation is used so that a 
positive value of Q will indicate flow in the positive z 
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direction. 
The ratio Q/A is called flux per unit of cross section, 
3 2 flux density (cm /sec)/(cm ), and is called Darcy velocity 
V, (hg - h^ )/(z2 - called the hydraulic gradient i. 
The most generalized form is usually written in vector 
notation as: 
V = -Ki 
The term i, the hydraulic gradient, is interpreted as 
being the driving force causing water to flow similar to the 
electrical potential gradient being the force causing the 
flow of electricity. When the hydraulic gradient is multi­
plied by the density of the flow liquid and the acceleration 
due to gravity, the hydraulic gradient becomes the total po­
tential gradient. 
The hydraulic conductivity is related to properties of 
the porous medium conducting the flow and those of the flow 
liquid by the relation K = 
where: 
K* = the intrinsic permeability which is characteristic 
of porous medium alone independent of flow liquid 
p = density of the liquid 
V = viscosity 
g = acceleration due to gravity. 
According to Kirkham and Powers (1972), Darcy*s law can 
be written in differential form as 
V = -K dh/ds 
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where dh is the change in hydraulic head along a streamline 
segment ds directed in the direction of v. 
Considering Darcy's lav for vertical one-dimensional 
flow the equation becomes: 
V = -K(dh/d2 - 1) 
Richards (1931) applied Darcy's law to flow of water in 
unsaturated soils. The proportionality factor and soil water 
content were considered to be single-value functions of the 
soil water pressure. Considering these two assumptions, 
Richards used Darcy's law in the equation of continuity to 
obtain a second order partial differential equation in soil 
water pressure for transient water flow in unsaturated soils. 
The proportionality factor in Darcy's law, when applied 
to unsaturated flow, represents the readiness with which the 
soil conducts water; this was called "capillary conductivity". 
Today, the term unsaturated hydraulic conductivity is pre­
ferred, instead of capillary conductivity, -when the flow 
medium is unsaturated during the flow. 
Childs and Collis-George (1950) applied the principles 
of continuity to water flow in unsaturated soils and intro­
duced the water content into the continuity equation. By 
using the water content gradient instead of water pressure 
gradient in Darcy's law, a diffusion type equation was obtained. 
For one-dimension flow the equation is: 
# - A 
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Here 0 is the volumetric water content and D is the soil water 
diffusivity which is the product of unsaturated hydraulic 
conductivity and the rate of change of soil water pressure 
with respect to water content at the level of water content 
in question. 
Various methods for calculating the hydraulic conductivity 
for unsaturated soil have been proposed. Marshall (1958) de­
rived an equation for the relation between permeability and 
the size distribution of the pores in isotropic material. 
Subsequently, conductivities calculated using this method were 
compared with measured conductivities by Nielsen et al. (1960), 
Jackson et al. (1965), Kunze et al. (1968), and Green and Corey 
(1971). 
C. Factors Affecting Evapotranspiration 
After aquatic forms of life adapted themselves to the 
terrestrial environments eons ago, they had to develop means 
of conserving water against the drying effects of the atmos­
phere. The plants have to exchange gaseous oxygen and carbon 
dioxide during photosynthesis and respiration; these changes 
are accompanied by the loss of water through the transpiration 
process. 
The processes of evaporation and transpiration of water 
are physically similar and they occur simultaneously in nature. 
However, loss of water from the soil surface due to liquid 
or solid phase water being transferred to a vapor phase is 
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called evaporation, and loss of water that has been in the 
interior of the plant is called transpiration. 
Evapotranspiration (ET) has been defined as the amount of 
water transferred from a cropped soil to the atmosphere by 
both the evaporation and transpiration processes. It is of 
fundamental importance in crop production, due to the fact 
that ET is a major route of water loss in a row crop. 
Potential évapotranspiration (PET) was defined by Penman 
(1955) as the amount of water transferred to the atmosphere 
in unit of time from a short green crop completely covering 
the ground, when no deficit of water is present. When the 
évapotranspiration from a crop depends upon the existing soil 
water conditions, on the atmospheric demand for water, and on 
crop characteristics, it is called "actual évapotranspiration" 
(AET). 
The rate that crops absorb water from the soil and 
transpire it to the atmosphere is basically a function of 
three main factors: climatological, plant, and soil. 
1. Climatological factors 
According to Mukammal and Bruce (1960), the process of 
evaporation depended basically on the three climatological 
factors of radiation, humidity and wind, where the relative 
importance of each factor was expressed as the ratio 80:06:14, 
respectively. 
A large number of studies of the effects of weather condi­
9 
tions on vater use by plants have been conducted using iso­
lated plants or groups of plants grown outdoors in pots or 
lysimeters. 
Briggs and Shantz (I9l6) found a strong correlation be­
tween daily transpiration by a number of crops and solar 
radiation, air temperature, wet-bulb depression and evapora­
tion from water tanks. Crops were grown in galvanized-iron 
pots containing about 115 kilograms of soil. Evaporation 
from the soil surface was eliminated. When all crops were 
considered as one population, the correlation coefficients 
for comparing effects of climatic factors on transpiration 
were as follows: transpiration with radiation, 0.50; with 
temperature, 0.64; with wet-bulb depression, 0.79; with 
evaporation (shallow tank), 0.72; and with wind velocity, 
0.26. The corresponding correlation coefficients using only 
data for small grains were 0.65, 0.71, 0.88, 0.87, and 0.22. 
There have been few studies under wholly field conditions 
where the precision of measurements of all parameters involved 
has been sufficient to add much to the knowledge gained by 
Briggs and Shantz (1916) about the quantitative effects of 
various factors on water use by crops. One of the most dif­
ficult measurements to make with precision is évapotranspira­
tion. 
Net radiation, which is the difference between total 
upward and downward radiation flux, is a measure of the main 
source of energy available at the ground surface to drive the 
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processes of evaporation and transpiration. Fritschen and van 
Bavel (1962) found that for days with similar solar and net 
radiation, differences in evaporative flux were due to the 
average wind speed. 
Ritchie (1971), working with grain sorghum and cotton, 
found that the energy used in daily plant évapotranspiration is 
about equal to the net radiation, if 45% of the ground is 
covered by the plants and soil water is not a limiting factor. 
An experiment designed to measure transpiration and 
évapotranspiration of corn as related to meteorological fac­
tors was conducted at Ames, Iowa by Fritschen and Shaw (1961). 
They found that a curve fitted to the ratio of actual évapo­
transpiration to pan evaporation indicated that water used by 
corn is dependent upon the corn development stage. 
According to Seginer (1969), albedo, which is defined as 
the ratio of solar radiant flux density reflected and scat­
tered by a surface to the total incident on that surface, and 
field wetness are the main factors influencing évapotranspira­
tion from an irrigated field; temperature, stratification of 
the atmosphere, roughness of the crop surface, and wind speed 
are secondary factors. 
2. P]ant factors 
Not only the characteristics of the physical microenviron-
ment but also the characteristics and functions of the plants 
themselves are important in the process of water and energy 
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exchange between plant communities growing under natural con­
ditions and their environment. 
Because of plant-environment interactions there are a 
number of difficulties in discussing plant factors influenc­
ing évapotranspiration in the strictest sense. As an example, 
stomatal number, frequency and aperture all affect water and 
energy exchange between the plant leaf and the atmosphere. 
All of these are affected by changes in turgor pressure 
(Kramer, 1959; Vaadia et al., 1961). 
Heichel (1971) found consistent differences in stomatal 
number between two inbred lines of corn, and the genera­
tion of their cross showed partial dominance for stomatal 
frequency. 
Stomatal aperture and therefore stomatal resistance is 
affected by a plant's ability to extract water from the soil, 
and by the evaporative demand. Kanemasu et al. (1973) showed 
that, at a soil water potential of about -5 or -6 bars, sto­
matal resistance in grain sorghum increased rapidly. Differ­
ences in stomatal resistance of soybeans under various soil 
water potentials have been presented by Stevenson and Shaw 
(1971). They fouid that under soil water stress, leaf resis­
tance to water-vapor diffusion increased for the leaves lo­
cated in the middle of the canopy approximately 2 hours earlier 
in the day and to a greater extent than the resistance of the 
upper leaves. This indicates, according to the authors, a 
preferential flow of water to upper leaves. Under adequate 
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soil vater supplies, resistance of the middle leaves de­
creased at a slower rate than under drier conditions. Reduced 
illumination onto the leaves within the canopy and reduced 
stomat-.al aperture seemed to cause the differences in leaf 
resistance between the upper and middle leaves of the soybean 
canopy. 
Sorghum stomatal activity was investigated by Glover 
(1959) using an air flow porometer. He found that sorghum 
stomatal activity was impaired by a period of drought, but 
activity was restored quicker in sorghum than in corn. Pallas 
and Bertrand (1966), using the percentage of open stomata as 
an index to stomatal activity, found that stomata of various 
sorghum varieties began to close at -5 to -7 bars, Stomatal 
response to soil water potential was linear. Sanchez-Diaz and 
Kramer (1971) conducted an experiment with sorghum and corn, 
and using a diffusion porometer found that stomatal closure 
occurred at a leaf water potential of -8.5 to -8.8 bars. They 
also pointed out that for the same leaf water potential, 
stressed sorghum maintained a smaller water saturation deficit 
than stressed corn. 
One of the important factors which significantly affects 
évapotranspiration is the amount of pJ.ant cover. Moist soil 
exposed to radiation will dry out at the surface in a short 
period of time and evaporation will decrease to a low value. 
This effect is particularly important for row crops due to the 
fact that the percentage of soil covered starts from zero and 
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approaches 100% at full development stage. Gates and Hanks 
(1967) indicated that évapotranspiration with partial plant 
cover can be equal or slightly greater than évapotranspiration 
with full covei when the percentage of cover was over 50%. 
They also concluded that plant height has little effect on 
évapotranspiration unless there is a significant advective 
energy added in the process, because high plants can intercept 
more advected energy than short plants. 
Differences in length of growing season for crops and the 
degree of transpiration reduction as plants mature both cause 
rather marked differences in seasonal water requirements for 
various crops. These aspects, as well as other plant factors 
interaction with the soil-water-plant-atmosphere, will be 
presented later. 
3. Soil factors 
The influence of soil factors on evaporation and évapo­
transpiration need to be presented together since no adequate 
method has been developed to accurately separate the quantity 
of water evaporated from the soil surface from that which was 
transpired through the plants at field conditions. Russell 
et al. (1959) estimated that for field experiments transpira­
tion usually accounts for 20 to 50% of total évapotranspiration, 
Veihmeyer and Hendrickson (1955) have indicated that until 
the soil moisture has dried to the wilting point, soil water 
potential had very little, if any, effect on transpiration. 
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Hovever, these conclusions conflict with numerous other in­
vestigators, who found significant changes in water uptake 
when soil water potential decreases if either poor root growth 
or lew capilDary conductivity exists (Hagan et al., 1959). 
The differences in conclusions arose from the different 
experimental conditions. 
Taylor and Haddock (1956) presented a theory and data on 
water availability to plants based on the thermodynamic 
properties of force required to remove water from the soil. 
Water potential and soil water conductivity were pointed out 
as the important factors affecting water availability to plants. 
Their results indicate that transpiration is a function of 
water potential. However, the importance of this relationship 
varies widely depending on the different soil and plant condi­
tions . 
When the soil surface was maintained moist under a soybean 
crop, Peters and Johnson (1960) found that evaporation from 
the soil surface was responsible for one-half or more of the 
total évapotranspiration. 
The pattern and rate of water uptake by plants does not 
depend only on the content and potential of soil water. Ac­
cording to Hillel (1979), plant water uptake and water status 
depends in a combined way on the ability of the root system to 
absorb water from the soil, the ability of the soil to supply 
and transmit water to the roots, and the rate of transpiration 
required by the climate. These, in turn, depend on properties 
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of the plants (rooting density, depth, and rate of extension, 
as well as the physiological ability to adapt at unfavorable 
water potentials to avoid wilting); properties of the soil 
(storage, conductivity, potential interrelations); and finally 
to a considerable extent on micrometeorolcgical conditions, 
which dictate the transpirational demand. 
D. Some Interrelated Soil-Water-Plant-Atmosphere 
Factors Affecting Water Uptake 
In recent years a fundamental change has taken place in 
understanding the soil-water-plant-atmosphere as a system. 
With the development, of new theories regarding the state and 
movement of water in the soil, plant and atmosphere and with 
the development of new experimental techniques, more exact 
measurements of potential, water content, conductivity and 
flux have allowed a more basic and comprehensive approach to 
the problem. 
1. Plant rooting 
Experimental data relating to water uptake by plant roots 
show that water uptake is a dynamically changing process. 
The continuously changing patterns of water uptake through 
the profile suggest interactions between rooting characteris­
tics and such hydraulic properties of the soil as water poten­
tial and hydraulic conductivity (Ogata et al., 1960; Gardner, 
3 960; Rose and Stern, 1967). 
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Many soil, crop, biological and climatic factors can 
influence the activity and distribution of plant roots in the 
soil. Portas (1973) pointed out that root growth patterns of 
plants reflected soil conditions more than they reflected 
plant genetics. Therefore, root distribution of different 
species should be compared only vhen grown under the same 
environmental conditions. 
Taylor et al. (1970) conducted an experiment in the 
Auburn rhizotron where both shoot and root growth of corn and 
tomatoes were measured. They calculated that, at the end of 
the season, without including root hairs corn roots were 135 
km in length, against 44 km for tomatoes. 
It is generally considered that the majority of the crop 
plants achieve permanent wilting when the soil water potential 
is -15 bars throughout the rooting zone. However, the rate of 
root extension sometimes starts to decrease at a -0.5 bar 
water potential (Kramer, 1969). According to Portas and 
Taylor (1976), working with corn (Zea mays) and tomatoes 
(Lvcopersicon esculentum), some growth can still occur in 
roots which are surrounded by soil where the water potential 
is less than -40 bars if part of the root system is well 
supplied with water. Hunter and Kelley (1946) reported that 
corn roots in pot experiments grew into air-dry soil from a 
moist zone but did not absorb P^2 from the dry soil, and that 
the dry soil gained water by root translocation but its water 
content did not reach the wilting point. 
17 
Root length density and the corresponding root length/ 
weight ratios for corn and soybean were measured by Allmaras 
et al. (1975). They found that root length/weight ratios 
generally decreased with time of sampling at a given depth, 
and increased with depth, especially at the earlier root 
samplings. Root length density for soybeans in the Ap (plow) 
layer ranged from 50 to 80% of that for corn, but below the 
Ap layer soybean root density was about 10 to 20% of that for 
corn, especially below the 45-cm depth. 
The plant root distribution has been shown to be non-
uni forml y distributed throughout the soil profile due to en­
vironment, plant and soil factors. Taylor and Klepper (1973) 
conducted an experiment with corn (Zea mays) to compare water-
absorbing efficiency per cm of roots, between roots deep in 
the profile and those near the soil surface. They concluded 
that water uptake per centimeter of root was affected mostly 
by soil hydraulic conductivity and for a given conductivity, 
it was greater at lower root densities. This effect of root 
density probably occurred because the roots were younger and 
more permeable at low densities; roots deep in the profile were 
probably more effective per centimeter of length rhan shallow 
roots due to the fact that they were younger and were in 
wetter soil. Slatyer (1960) has shown that young roots take 
up water more rapidly than old roots. 
Arya et al. (1975), studying soybean rooting characteris­
tics and water extraction patterns at field conditions, found 
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that rooting density increased with depth to a maximtun density 
between 20 and 40 cm depths. Below 40 cm the average rooting 
density decreased raonotonically with depth. They did not mea­
sure root distribution below 80 cm depth because of sampling 
difficulties caused by a gravel layer. As far as water ex­
traction was corcerned, they found that the initial extraction 
rate was high for all layers. For the layers lO to 30 cm and 
60 to 70 cm the extraction rate decreased throughout the dry­
ing cycle, while in the 30 to 60 cm layer an early decrease 
in the extraction rate was followed by a stibstantial increase 
later in the cycle- These shifting patterns confirm that lower 
soil layers become more effective in supplying water as the 
hydraulic conductivities of the surface layers decrease. 
An important variable in any study concerning water uptake 
by plants is the physical distribution of the root system 
(Gardner, 1964). 
The current approach to plant water uptake is based on 
the fact that field environments form a unified system. 
Philip (1966) has called this system the "SPAC" which stands 
for "soil-plant-atmosphere continuum", because the water flows 
in a transpiration stream as a function of a gradient of po­
tential energy from soil to root to stem to leaf. 
Several mathemetical models have been presented in order 
to describe soil water uptake by plant root systems. Accord­
ing to Hillel et el. (i976), two alternative approaches have 
been tried. 
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First, the microscopic-scale approach which analyzes the 
radial flow of water to individual roots considered to be 
line or narrow-tube sinks regularly spaced in the soil (Gard­
ner, 1960; Molz et al., 1968). These models generally include 
assumptions that uptake is proportional to rooting density, to 
soil hydraulic conductivity, and to water potential difference 
between the root surface and that in bulk soil midway between 
two adjacent roots, Taylor and Klepper (1975) conducted an 
experiment with cotton (Gossvpium hirsutum) to test the validi­
ty of these three assumptions. They concluded that the assump­
tion that water uptake is proportional to rooting density was 
valid. However, there appeared to be a large resistance in 
the pathway from root epidermis to root xylem. The other two 
assumptions must be modified to include this resistance. So, 
water uptake was proportional to the water potential differ­
ence between root xylem and bulk soil and to the hydraulic 
conductivity of the combined soil-root pathway. 
Second, the macroscopic-scale approach which regards the 
root system in its entirety as a diffuse sink permeating the 
soil continuously through but not necessarily at uniform 
strength throughout the root zone (Whisler et al., 1968; Molz 
and Remson, 1970; Nimah and Hanks, 1973). 
A test of an évapotranspiration model by comparison with 
lysimetric observations was presented by Kanemasu et al. (1976). 
The daily évapotranspiration rates estimated by a model for 
sorghum (Sorghum bicolor (L.) Moench) and soybeans (Glycine 
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IT.ax (L.) Merr.) were within 2 mm of lysimetric estimates. The 
model has daily inputs of temperature, solar radiation and 
leaf area index. They found that évapotranspiration was about 
10% greater from soybeans than from sorghum. This difference, 
according to the authors, resulted in differences in soil 
water and in the direction of the soil-water flux below the 
root zone. 
2. Stage of development and planting pattern 
Differences in the length of growing season for crops 
and in the degree of transpiration reduction as plants mature 
cause rather marked differences in seasonal vater requirements 
for various crops. The ratio of measured évapotranspiration 
from corn to open pan evaporation was calculated at different 
periods of the growing season by Denmead and Shaw (1959). 
They found that, piior to silking, the ratio increased in a 
sigmoid manner from a value of 0.36 at planting to 0.81 at 
silking stage. The value of 0.81 remained constant for 16 days 
after silking cind then declined at first gradually and then 
rapidly. They suggested that the changing rate was due to the 
fact that leaf area increased until silking and to the fact 
that physiological activity of the crop declined soon after 
ear growth commenced. 
The effect of row spacing and plant population on yield 
has been studied by several investigators. Ricky (1933) sum­
marized early studies on plant population and other plant 
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parameters on corn. Yao and Shaw (1954) measured water 
use by corn plants under different plant populations and 
planting patterns. They found that there was less water used 
from a 53.3 cm row spacing than from 81.3 cm or 106,6 cm 
spacing. A higher rate of water use occurred with higher 
stands, but the increase in water use was much smaller than 
for the stand increase. The efficiency of water use was high­
est on the 53.3 cm row spacing and the lowest on the 106.6 cm 
spacing. The differences in water use among treatments were 
mainly due to differences in interception of the total net 
radiation that resulted from the different plant populations 
and spacings. 
Laing (1966), working with soybeans, applied "v/ater stress 
at different periods during the growing season to plants grown 
in large containers. He found-that the leaf area index was 
reduced 18% when plants were stressed for two or three days 
to minimum relative turgidities of 76 to 83% during a period 
of rapid leaf area development. A period of seven to eight 
days of stress with a minimum relative turgidity range of 66 
to 72% reduced leaf area up to 23%. 
Denmead and Shaw (1960) conducted a corn experiment in 
buried, 19-liter containers to subject the plants to water 
stress at the vegetative, silking and ear stages of growth 
as well as to combinations of these periods. The stress treat­
ments consisted of three successive cycles in which the plants 
dried the soil to the permanent wilting point, followed by an 
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irrigation to field capacity. The plants were wilted for 
approximately two days in each cycle. Leaf area was reduced 
12% and grain yield by 25% when water stress was applied during 
the vegetative stage. 
According to Dale (1964), the sensitivity of corn to 
water stress was apparently as great at four to five weeks 
before silking as at any other period during the growing 
season. 
3. Dr_Y matter and leaf area 
Numerous soil factors influence dry matter production, 
and thereby also influence water requirement. Primary among 
these factors are those related to soil physical properties in­
fluencing water content and movement, as well as those relating 
to soil fertility. Since the present experiment was conducted 
all on the same initial soil conditions, aspects of soil fer­
tility will not be presented in this literature review. 
Crop dry matter production during weekly periods early 
in the growing season is directly proportional to the amount 
of radiation intercepted by the crop which is itself determined 
by the leaf area (Biscoe and Gallagher, 1977). The same con­
clusion was stated by Hesketh and Baker (1967) for cotton and 
corn. Later in the growing season, the leaf surface is less 
responsive to intercepted radiation. Shibles and Weber (1966), 
working with soybeans, found that final dry weight of the crop 
depended on the total amount of radiation intercepted by 
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various soybean planting patterns during the growing season, 
as long as other factors were equal. 
The rate of leaf area expansion is strongly dependent on 
temperature and cool weather severely limits leaf expansion 
rate. Periods of warm bright weather, when water stress de­
velops, can also limit both the rate of leaf expansion and 
the final size of the leaves (Biscoe and Gallagher, 1977). 
Blum (1972) suggested that plant growth and leaf area 
index for grain sorghum (Sorchum bicolor (L.) Moench) grown 
on stored soil water (dryland) was suppressed by earlier plant­
ing. The reduction of LAI was partially responsible for re­
duced soil water use during the period prior to heading; 
therefore, more water was available for the grain filling 
period when the sorghum was planted early. 
Mayaki et al. (1976), working with irrigated soybeans, 
corn and grain sorghum, found that approximately 71, 64, and 
85%, respectively, of the total root dry matter was in the 
upper 30 cm. Approximately 67, 39, and 79% of the total root 
dry matter was in the upper 30 cm for nonirrigated soybeans, 
corn and grain sorghum, respectively. 
Evapotranspiration from a cropped field is not necessarily 
proportional to the lesf-area index because ET occurs from 
both the soil and the plant surfaces. According to Ritchie 
and Burnett (1971), transpiration rate of plants (where water 
is freely available to plant roots but the soil surface is 
dry) is proportional to the leaf area until a threshold leaf-
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area index of about 3 is reached. They also found that ET 
from canopies with a leaf-area index of 2.7 or greater vas 
equal to the potential évapotranspiration and no longer de­
pendent on the leaf-area index as long as water was freely 
available to the plant roots. 
E. Evapotranspiration/Open Pan Evaporation 
More recently, with the development of mathematical 
models to predict paant water use, more and more interest has 
been shown in parameters and coefficients that relate atmos­
pheric demand with pâart demand throughout the growing season. 
Using data from pan evaporation, various coefficients 
have been developed for estimating évapotranspiration. These 
coefficients are usually determined using controlled experi­
ments where both évapotranspiration from field crops and 
evaporation from Weather Bureau pans are measured at the same 
time. 
The ratio between potential évapotranspiration and actual 
évapotranspiration gives an indication of how much water the 
plants and the soil are supplying to meet the demand of the 
atmosphere. Chang (1968) pointed out that the ratios of 
evapotranspiration/pan evaporation for a particular crop vary 
throughout the growing season; therefore, the season must be 
divided in three parts; vegetative, flowering and fruiting 
stage. At an early vegetative stage, the ratio is quite low 
because the leaf area available for transpiration is limited 
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and because evaporation from the soil is lov caused by the 
reduction of water conductivity of the top dry layer when 
compared to that of a moistened layer. As the crop cover in­
creases, the leaf area increases and the values of the ratio 
of ET/pan evaporation varies from .75 to 1.15 during flower­
ing or maturing stages. During the fruiting stage the ratio 
starts to decrease due to senescence of leaves and other 
plant physiological changes. 
Denmead and Shaw (1959), studying évapotranspiration in 
relation to the development of the corn crop, plotted the 
ratios between measured actual évapotranspiration and open 
pan evaporation. Their curve showed a sigmoid shape with 
maximum ratio values of 0.81 at silking stage. Laing (1966), 
working with soybeans, found a maximum ratio ET/pan evaporation 
of about 0.90. Kiddleton et al. (1967) found a ratio between 
ET/pan evaporation of over 1.0 during the mature stages of 
soybeans. 
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III. MATERIALS AND METHODS 
The experiment was conducted during the summers of 1978 
and 1979 under field conditions at the Western Iowa Research 
Center, Castana, Iowa (see Figure 1). 
A. Soil 
The research area was located on Ida silt loam soil. 
According to the National Cooperative Soil Survey of U.S.A. 
the Ida series is a fine-silty, mixed (calcareous), mesic 
Udorthents. It has a thin dark brown very friable silt loam 
A horizon, and a yellowish brown very friable silt loam C 
horizon that is calcareous and has some gray and brown mottles. 
A soil description is found in the Appendix. 
B. Field Experiment 
1. Layout of the experiment 
The experimental area received a conventional disk till­
age (the combined primary and secondary tillage operations) in 
the spring of 1978. Fertilizer was applied according to the 
analysis recommendations from the Icira State University Soil 
Testing Laboratory. 
In order to allow for root sampling and all the other 
measurements that were taken, the individual plots measured 
lOO meters long by 9 meters wide (Figure 2g). 
On May lOj 1978, all plots were planted with eight rows 
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Figure 2. Technique for determining plant root distribution 
and a view of the experimental area 
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100 cm apart. Three crops were used: soybeans, 'Wayne' 
(Glycine max. (L, ) Merrill) at a density of 295,000 plants/ha; 
grain sorghum, 'Pioneer 8674' (Sorghum bicolor (L. ) Moench) 
at a density of 160,000 plants/ha; and corn 'Pioneer 3388' 
(Zea mays (L.)) at a density of 56,830 plants/ha. 
Lasso herbicide was surface applied at a rate of 2.36 
liters/ha just after planting, but before weeds and the crop 
had emerged. 
2. Soil moisture changes 
Soil water content was measured by a gravimetric method 
after the soil had been dried to a constant weight at 105°C. 
Five replications per sampling date were taken from each plot. 
One individual replication included nine soil depths in the 
profile. The middle point of the depths sampled were: 7.5 cm, 
22.5 cm, 45 cm, 75 cm, 105 cm, 135 cm, 165 cm, 195 cm, and 
225 cm. Two different lengths of a hand operated JMC soil 
sampler tube were used with a dry tip cut of 19.05 mm in 
diameter. 
Two profiles of samples were located in the center of the 
rows and three were located between rows following a perpen­
dicular line with the rows. 
The first plant root samples were obtained from the north 
end of the north-south oriented plots. Therefore, the first 
soil water samples were also made there. One specific soil 
layer from this portion of the plots was particularly resistant 
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during the root sampling procedure. We therefore moved our 
root sampling to the south half of each plot and took soil 
water samples at the north, middle and south locations. These 
samples, ve felt, allowed us to extrapolate the results from 
different locations to those which would have been obtained 
if all sampling had been done at one location. A linear 
regression analysis was used to predict, for our water balance, 
water content at one depth and time from the values obtained 
at another location but at the same depth and time. 
After each sampling operation was performed, the hole was 
completely filled with soil in order to prevent free water 
movement through the hole. 
3. Root sampling 
Many methods have been described for studying the dis­
tribution of root systems in the soil. They contrast not only 
in the type of information that they provide but also in the 
complexity of equipment which is required and in the effort 
which must be expended to obtain representative results. 
An external frame technique described by Nelson and 
Allmaras (1959) was used to sample roots in this experiment. 
A soil monolith measuring 30 cm along the row, 100 cm centered 
across the row and 195 cm in depth was isolated from the plot. 
The root sampling started on the south end of the plot and 
moved inward as the soil monoliths were taken. 
Because of the volume of work involved in each sampling 
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and because we should sample the root system of all three 
crops as rapidly as possible, no replications were taken. 
Using a ditching machine, a small trench of 12 cm width 
was dug by a chain boom down to 1.8 meters. This trench ex­
posed the side of a soil monolith. A plywood board was placed 
in that trench and pieces of wood 5 by 10 by 190 cm long were 
inserted in the trench along the outside edge of the monolith 
surface to prevent crumbling or disturbing the monolith. A 
second trench was made 30 cm from the first one and a second 
plywood board was placed in that trench (see Figures 2a and 2b). 
After the soil was excavated from each lateral side of the soil 
monolith (Figure 2b), a root extraction frame was lifted, 
causing a scissors action that resulted in the frame gripping 
the soil momolith. The monolith was lifted out by a boom 
mounted on a truck (Figure 2c). For each time that roots were 
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sampled, 24 m of the plot area was used. 
In order to maintain the roots in the correct position 
during the washing process, rows of 30 cm long pins were driven 
through holes in the plywood side and through the soil mono­
lith (Figure 2el, The spacing of pins within a row and between 
rows was at 7.5 cm intervals to 60 cm, and 15 cm intervals 
thereafter. A compressed air gun was used to drive the pins. 
After all pins were driven in, the soil monolith was laid on 
one side in a tank of water and submerged overnight. 
A manual sprinkler was used to wash the soil from the 
partially submerged block (Figure 2d). After several hours of 
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washing, only roots and debris remained. This year's roots 
were carefully removed by hand from the debris of the pre­
vious crops. 
The roots were sectioned at depth intervals of 7.5 cm 
down to 60 cm, and at 15 cm intervals from 60 to 195 cm. All 
root material from each depth was stored immersed in a jar 
containing a volumetric mixture of 90% water and 10% isopropyl 
alcohol until the root lengths could be measured. Each root 
sampling was sectioned in 17 depths and then root lengths were 
estimated by a laser beam modification (B&hm et al., 1977) of 
an instrument described by Rowse and Phillips (1974). Once the 
root length measurements were made for each depth, the roots 
were dried at 65°C and weighed (root dry weight). 
4. Plant parameter determinations 
At weekly intervals, whole plants were sampled starting 
at the 35th day after planting. On each date, lO plants were 
used to take the different measurements through the growing 
season. As an indicator of crop growth, the following 
parameters were measured. 
a. Leaf area Numerous schemes have been developed to 
determine leaf area (McKee, 1964; Francis et al., 1969; 
Wiersma and Bailey, 1975). In this research, a Li-Cor Model 
Li-3000 portable area meter^ was used. The principle of the 
^Trade names are for informational purposes only and do 
not imply endorsement or preference. 
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method is a rectangular approximation to measure leaf area of 
either attached or detached leaves. The leaf width is deter­
mined by a lateral scanning beam and the length is determined 
by an attached encoding cord linked perpendicularly to the 
2 
scanning beam. The leaf area is recorded in cm . According 
2 to Hatfield and Carlson (1976), for 1 cm of area the maximum 
coefficient of variation between measured and known areas was 
only 3.32% and for area greater than 1 on" using a conveyor 
assembly the coefficient of variation was less than 2.0%. 
Tlie leaf areas of 10 plants were measured at each day of 
plant sampling and the values were correlated with the other 
parameters. 
b. Stage of development Stages of development were 
described for each of the three crops. 
For soybeans, stages of development were described accord­
ing to Féhr et al. (I97l), where the vegetative and reproduc­
tive descriptions are used. Vegetative stages were determined 
by counting the number of nodes on the main stem, beginning 
with the unifoliate nodes that have or have had a completely 
unrolled leaf. Reproductive stages R1 and R2 were based on 
flowering, R3 and R4 on pod development, R5 and R6 on seed 
development, R7 and R8 on maturation. More information is 
provided in Appendix Table Al. 
For sorghum, according to Vanderlip (1972), stages of 
development have been assigned numbers from zero to nine, 
similar to the numbering system used for corn. Thus, growth 
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of the plant was defined from stage 0 (zero), emergence, to 
stage 9 (nine), physiological maturity. Characteristics to 
identify each stage are in Appendix Table A2. 
The stages of development for corn were described based 
on the system of Hanway (1971) who used a nimbering system to 
describe the different stages of corn development. The stage 
0 (zero) was when the plant tip emerged from the soil and 
stage 10 was when the plant was mature. The stage between 
whole digits were used as decimals. Stage 5 refers to the 
silking stage. More information is provided in Appendix 
Table A3. 
c. Dry matter and yield For each soybean, sorghum 
or corn plant of the lO replicates, the leaves, stem, and pods 
or ears were separated. The number of pods and ears were 
counted at each sampling date. All above-ground plant compo­
nents were dried to a constant weight in a forced draft oven 
at 65°C and weighed. 
The seed and grain yields per ha were estimated from two 
rows, each 12.19 m long located in the central part of the 
plot, that were harvested. 
5. Unsaturated hydraulic conductivity 
A number of methods are now available for measuring un­
saturated hydraulic conductivity in situ. The method used 
was described by Hillel et al. (1972) based on the instantane­
ous profile method of Watson (1966). This method requires 
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frequent or preferably continuous and concurrent measurements 
of the soil wetness and matric potential profiles under condi­
tions where drainage, but no évapotranspiration, is allowed. 
With those measurements, instantaneous values of potential 
gradients and fluxes can be obtained within the profile. Since 
the relationship between hydraulic conductivity and soil wet­
ness is known for each soil depth, the data can be applied to 
the analysis of a water balance for a bare surface or vegetated 
field. 
According to Hillel et al. (1972), the equation that de­
scribes the flow of water in a vertical soil profile is: 
9 = volumetric wetness (measurable by a neutron probe 
meter) 
t = time 
Z = vertical depth downward taken as positive 
K = hydraulic conductivity which is a function of soil 
wetness 
H = the hydraulic head (sum of gravitational and matric 
heads) measured by tensiometers. 
Integrating we have: 
If = à [«(»)#] (1) 
where 
(2) 
or 
(3) 
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If the soil surface is covered to prevent evaporation and only 
internal drainage is allowed, the total change in water per 
unit of time will be: 
#)z ' '§'z = 9 
where; 
q = flow of water per unit of time 
W = total water content of the profile at depth Z 
z 
W = / 9dz 
o 
Finally: 
a. Field procedure During the summer of 1979, a 
2x2 m (4m ) of area was isolated at the central part of the 
experimental area. No root samples had been taken there. At 
the center of this isolated area, one neutron access tube of 
steel, with a diameter of 0.35 cm and a length of 2.50 m, 
was installed using the core sampling machinery obtained from 
USDA (see Figure 3b). The tube projected 15 cm above the 
ground (Figures 3a and 4). 
A trench, 80 cm wide and 2.40 m deep, was dug around the 
soil block. One set of seven tensiometers was installed on 
the west and another set on the east side of the soil block 
(Figures 3e and 4). 
To meet the boundary conditions required (only vertical 
flow), the sides of the soil block were wrapped with a sheet 
of plastic. At this time, a complete set of soil cores with 
Figure 3. Technique for determining unsaturated hydraulic 
conductivity 
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Figure 4. A schematic diagram showing details of the tech­
nique for measuring unsaturated soil hydraulic 
conductivity including location of the neutron 
probe access tube and locations of the 
tensiometers 
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four replications was taken at depths of 15, 45, 75, 105, 135, 
165, and 195 cm for further laboratory analyses. After the 
trench had been refilled, water was ponded on the surface of 
the block long enough for the entire profile to become as 
saturated as possible. Tensiometers and neutron probe readings 
were used to indicate when steady-state infiltration condi­
tions had been met. 
After steady state was achieved, the surface of the block 
was covered by a sheet of plastic to prevent any water flux 
across the surface or evaporation from the block. In order to 
minimize thermal effects during the period measurements were 
taken, a piece of white particle board was laid on top of the 
block (Figure 3d). 
As the water flow proceeded, continuous measurements 
were made of water content and water potential throughout the 
profile. These measurements were taken continuously during 
daytime hours in the first few days and at greater time inter­
vals as the internal water flow processes slowed down. 
Measurement of water content changes in the soil profile 
were needed without using a destructive sampling method. A 
neutron probe "Troxler model 105A" linked to the Troxler 
model 2601 scaler was used. According to Kirkham (1969), the 
following principles are involved in the technique. When 
fast neutrons are emitted from a radioactive source of radium-
beryllium, the neutrons have the peculiar property that only 
hydrogen atoms will markedly slow them. Thus, the slowing up 
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of the neutrons is an indirect measure of the moisture content 
in the soil. The slowed neutrons are identified by a detector 
lowered simultaneously with tl:e source of fast neutrons. When 
a slowed neutron hits the detector, it sends an electric pulse 
up to a unit which counts the number of slowed neutrons that 
returned to the detector per unit of time. 
b. Neutron probe calibration Field-derived calibra­
tion curves (moisture % volume vs. number of counts/standard 
count) were drawn to compare with the calibration curve ob­
tained from the manufacturer. Eight access tubes were located 
in a corn crop close to the area of study. The soil profile 
was saturated and at the same time neutron probe readings 
and gravimetric soil moisture measurements were taken at dif­
ferent depths through the profile for a period of time long 
enough to have a wide range of soil water contents. The 
field-derived calibration data are compared with the manufac­
turer's calibration curve in Figure 5. 
c. Cop-iputation of unsaturated hydraulic conductivity 
Based on the instantaneous profile method described by Hillel 
et al. (1972), data of hydraulic conductivity versus water con­
tent were obtained from the field experiment, ^computational 
method based on the pore-interaction model of Marshall was 
presented by Green and Corey (1971) for predicting hydraulic 
conductivity as a function of water content for a wide range 
of water contents. The method requires that one point on the 
calculated hydraulic conductivity curve be matched to an 
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Figure 5. Soil water content calibration curve for neutron 
probe readings using galvanized steel pipe as 
access tubes 
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experimentally measured hydraulic conductivity value. 
According to Green and Corey (1971), the predicted 
values of hydraulic conductivity can be computed by the 
equation: 
K 2 E.P m • ' 
K(9)i = -;;2 ^ ^  
X — 1, 2, m • m f m 
where: 
K(9). = the calculated conductivity for a specified 
content or pressure (cm/min) ; 
3 3 0 = water content (cm /cm ); 
1 = the last water content class on the wet end, 
e.g., i = 1 identifies the pore class corre­
sponding to the saturated water content, and 
i = m identifies the pore class corresponding 
to the lowest water content for which conduc­
tivity is calculated; 
K /K = the matching factor (measured saturated conduc­
tivity/calculated saturated conductivity); 
Y = the surface tension of water (dynes/cm); 
3 p = the density of water (g/cm ); 
V = the viscosity of water (g/cm sec); 
3 3 E = the porosity (cm /cm ); 
p = a parameter that accounts for interaction of 
pore classes (p = 2); 
n = the total number of pore classes between 0 = 0 
and 0g the saturated water content: n > m 
(n = 40); 
h . = the pressure for a given class of water-filled 
pores (cm of water)j 
g = the gravitational constant (cm/sec^), 
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Dividing K(e)^ by k(8), 
on2 m 
K(e),. là * TFT * :2-,!,[(2j + 1 - '] i _ ^sc ^ ^ n" 1=i :!__ (7) 
_^2 E P m _ 
* f§-7 • -|-J.L(2j - 1 - 2i)h.-2] 
^ ^  n j=i ksc 
k(9)i = k(e)g * 
Z [(2j + 1 - 2i)h. 2] 1 J 
JzA 
E P Z [2j + 1 - 2i)h.-2] 
^ j=i J 
( 8 )  
C. Laboratory Experiment 
All laboratory analyses were performed with four repli­
cations for each one of the seven depths of the soil profile. 
The middle point of each depth of sampling was: 15, 45, 75, 
l05, 135, 165, and 195 cm. Bulk core samples and disturbed 
soil samples both were taken. 
1. Bulk density 
Bulk density is defined as the mass of dry soil per unit 
bulk volume. The bulk volume was determined before drying to 
a constant mass at l05^C. A cylindrical metal sampler with 
an inner cylinder was hydraulically pressed into the soil to 
the desired depth and carefully removed to preserve a known 
volume. This method, called the core method, is described by 
Blake (1965). 
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2. Particle density 
Particle density is defined as the mass of soil particles 
divided by the volume of space occupied by those particles. 
Particle density was determined by the pycnometer technique 
described by Blake (1965). The soil mass was determined by 
weighing; the volume by calculations from the mass and 
density of water displaced by the sample. The values are 
expressed in g/cm^. 
3. Particle-size distribution 
This technique determines the mass percentages of the 
various fractions in a soil sample. The pipette method was 
used according to Day (1965). 
4. Total porosity 
Total porosity (St) is defined as the percentage of the 
bulk volume not occupied by solids. It was calculated using 
the equation presented by Vomocil (1965). 
St = 100 [l - (Db/Pd)] (9) 
where; 
Db = bulk density 
Pd = particle density 
5. Soil water potential 
The complex nature of pore space in the soil makes it 
difficult to specify directly the force fields acting on the 
water. The overall effect of the force fields can be obtained 
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by measuring the work required to remove an increment of water 
from the soil at some equilibrium state. The measured quan­
tity when related to a reference state is known as the total 
potential of soil water. At field conditions, the reference 
state was taken as free water at the soil surface and at field 
temperatures and osmotic concentrations. 
In the laboratory, matric potentials were measured, for 
all soil depths in the study, from -0.01 bars to -15 bars. 
The measurements were conducted in a constant temperature room 
in the basement of Agronomy Hall, Iowa State University. Core 
soil samples, 5 cm in diameter by 3 cm in height, were used 
for all measurements. 
For high matric potentials, -O.Ol bars to -0.08 bars, a 
tension table was used. This equipment was constructed 
following the basic principles developed by Learner and Shaw 
(1941) and Nielsen (1958). A tray of plexiglass measuring 
45 X 60 >: 5 cm was mounted on legs. A piece of screen wire 
and two pieces of blotting paper having a layer of 0.5 cm of 
glass beads (28 ^ ) in between were placed on the tray and 
used as a porous membrane. A flexible tube was connected at 
the center of the tray, and the other end of the tube was 
connected to a static water level. 
This system allowed 32 core soil samples to be analyzed 
simultaneously for each tension applied. 
Soil matric potentials from -0.16 to -1.0 bar were mea­
sured using a porous plate apparatus, and those from -2.0 to 
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-15 bars by losing a pressure membrane apparatus following 
the methodology described by Richards (1955). 
Laboratory and field data of soil matric potential 
and water content (% volume ) were used to develop equations 
for predicting soil water potential as a function of soil 
water content. A Statistical Analysis System (SAS) for 
General Linear Models (Proc GI2i) was applied to the following 
modelt 
2 3 log Y = A + Bx + Cx + Dx 
where: 
log Y = the soil matric potential (-bars) 
X = the soil water content (% volime) 
This model gave a good fit of the observed data from 
high values of soil water down to 13%, a value about the wilt­
ing point for Ida silt loam soil (see Table 5). Below 13% 
by volume, a straight line plot of log Y (between -15 bars 
and -9,800 bars) and soil water content (13% to 0%) was used 
to estimate soil matric potential (Figure 5). 
D. Water Balance Method for Determining Actual 
Evapotranspir ati on 
The term actual évapotranspiration refers to the depth 
of water that was evaporated from the soil surface plus that 
transpired through the plant. 
During the growing period for the soybean, sorghum and 
corn crops, nine gravimetric soil moisture samples were taken 
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log Y = 4.0 + (-0.217692 X) 
? k. 
1 
m 
C 
« 
& 
u 
m 
E 
k>g Y = 6. 34147 + (-0.5917038 X) + 
V (0.0185165 X^) + (-0.0002142 X^) S I— 
o 
- 2  
0 40 30 50 20 10 
Water content (% Vol.) 
Figure 5. Desorption curve of soil matric potential vs. 
water content for the 45 cm depth of Ida silt loam 
soil; the dashed vertical line illustrates the di­
viding point between the portions of the curve 
where linear and cubic equations were used to ex­
trapolate matric potential data from soil water 
contents 
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from the soil surface to a 240 cm depth in the profile. Thus, 
eight periods were available for water balance computations. 
The water balance for a particular period was computed 
according to the following equation; 
g , n n n 
ACT = Z / (8. - 9.^T)dz + Z R- + 2 Q. - Z SRC. 
P i=l z. ^ i=l ^ i=l ^ i=l 1 
(11) 
where: 
AETp = the actual évapotranspiration (mm/period); 
Z' = soil depth (mm); 0, 150, 300, 600, 900...,2400 mm 
for i = 1, 2, 3, 4,..., 9 soil depth, respectively; 
0^ = soil water content at time t (% of volume); 
R. = rainfall (mm); i - 1, 2, ..., n number of occur­
rences during the period; 
Q. = depth of water that flowed upward or downward per 
unit of area for the time period, through a plane 
at the 1950 mm depth; 
SRO^ = surface runoff (mm). 
1. Soil water depletion 
The gravimetric soil water content was multiplied by the 
bulk density of each soil layer to obtain volumetric soil 
water content. The volumetric water content for t^^^ was 
subtracted from that at time t. This difference was multiplied 
by the thickness of the soil layer to obtain millimeters depth 
of water. Water used from each layer was summed for all 
layers of the profile. 
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2. Precipitation and runoff 
Precipitation data were taken from climatological records 
for the Western Iowa Research Center, Castana. 
Estimated runoff was computed using the "antecedent pre­
cipitation index" (API) of Shaw (1963). 
API = Pl/dl + P2/d2 + ... Pi/di (12) 
i — 1» 2, 3, Af 5 
where: 
Pi = the amount of precipitation that occurred i days 
prior to the day being considered, 
di = the corresponding number of days. 
For precipitation of 25.4 mm or more, equation 13 was 
•used: 
API = Pl/dl + P2/d2 + ... Pi/di + Po/2 (13) 
where: 
Po = the precipitation amount for which runoff was 
computed. 
Once API was computed, runoff could be read directly 
from a graph. 
3. Downward or upward water movement 
The direction of soil water flow is from regions of 
higher potential to regions of lower potential, due to a 
hydraulic gradient between the points in question. Since we 
knew the total soil water potential and the unsaturated hy­
draulic conductivity, the volume of water that flowed up or 
down through the layer of 195 to 225 cm was computed for each 
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time period. 
Steady-state movement of vater, vhen flow is in one 
dimension, flows according to Darcy's law (Baver et al., 19721 
where; 
Q = volume of water flowing per unit of area and unit 
3 2 
of time (cm H20/cm area*min) 
K(0) = soil hydraulic conductivity (cm/min) 
W = soil water potential (cm of water) 
2 = soil depth (cm) 
If the value of "Q" computed is positive, the flow of water 
through the layer in question is upward. 
When the value of Q is negative the process of drainage 
or deep percolation is occurring and the value computed is 
subtracted in the water balance calculation. 
E. Meteorological Parameters 
The environment is an important factor in plant growth 
and in all interrelationships with the soil-water-plant-
atmosphere system. Some meteorological parameters were 
observed. 
1. Atmospheric demand for moisture 
In order to estimate the atmospheric demand for moisture, 
a Class-A evaporation pan of the U.S. Weather Bureau was used. 
This is a 122 cm diameter, 25.4 cm deep pan from which daily 
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evaporation was measured. The location of the pan was at the 
Western Iowa Research Center, Castana. 
2. Potential evapotranspiration 
Climatological data as maximum and minimum air tempera­
ture and solar radiation were the basic parameters used in 
the Jensen-Haise (1963) method to estimate potential évapo­
transpiration . 
F. Statistical Analysis 
In order to measure the possible differences between 
crops as far as plant parameters and soil water uptake were 
concerned, a "least squares" principle was used to fit single 
and multiple regression equations according to the following 
model: 
^ij = ^ + g(xj-x) + Tg(xj-x) (15) 
where: 
X. = time (number of days from planting); time linear, 
^ quadratic and cubic functions were fitted in the 
model (equation 15); 
= crop effect; 
or: 
Yij = H + + @5^ + «6% + 
(16) 
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IV. RESULTS AIO DISCUSSION 
The results and discussion of the data from the experi­
ment involving soybeans, grain sorghum and corn conducted on 
Ida silt loam soil at Castana, Iowa, are presented in four 
major parts: (1) soil physical characteristics for Ida silt 
loam, (2) vater uptake and plant root distribution through 
the profile for soybeans, grain sorghum and corn as functions 
of time, (3) ratio of actual évapotranspiration to open pan 
evaporation, and (4) the relationships between quantity of 
water used and dry matter production and between quantity of 
water used and other plant parameters. 
A. Soil Physical Characteristics 
Some soil physical characteristics of Ida silt loam sudi 
as bulk density, particle-size distribution, particle density 
and total soil porosity are presented in Table 1. (More 
information about the Ida series is presented in the Appendix.) 
The soil profile shows a satisfactory uniformity through­
out the different layers, except at a depth of 30 to 50 cm. 
In all layers, bulk density varied only slightly, averaging 
3 1.30 + 0.05 g/cm , and particle density averaged 2.68 + O.Ol 
g/cm^. Total porosity was 51.4 + 2.0%. In the 30- to 60-cm 
layer, the clay content was 14.6%,- while in all other layers, 
clay content ranged from 10.4 to 11.4%. 
Equations to predict soil matric potential for Ida silt 
Table 1. Some soil physical characteristics of Ida silt loam soil at Western 
Iowa Research Center, Castana, Iowa 
Soil Bulk Particle Total Particle-size digtribution 
depth density density porosity Sand Coarse silt Fine silt Clay 
(cm) (g/cm^) (g/cm^) {% vol.) % 
15 1.35 2.67 49.4 6.2 59.0 23.4 11.4 
45 1.25 2.68 53.3 5.8 52.3 27.3 14.6 
75 1.30 2.68 51.5 9.0 59.6 20.8 10.6 
105 1.28 2.68 52.2 9.4 54.3 25.9 l0.4 
135 1.32 2.69 50.9 9.8 52.7 27.0 10.5 
165 1.28 2.68 52.2 9.3 56.4 22.5 11.8 
195 1.34 2.69 50.2 10.0 55.1 24.0 10.9 
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loam at a given soil water content (% vol.) are presented 
in Table 2. For each soil depth, two equations were used in 
order to describe the relationships between soil matric poten­
tial and soil water content (Figure 6). The differences 
in matric potential predictions for the same value of water 
content throughout the soil profile are less than -1 bar for 
the different soil layers. However, the higher clay content 
of the 30- to 60-cm layer, when compared to the other layers, 
seemingly was associated with a higher volumetric water con­
tent at matric potentials lower than -1 bar (Table AS in the 
Appendix). 
Equations to predict unsaturated soil hydraulic conduc­
tivities of the various soil layers are presented in Table 3. 
These equations are presented as coefficients for two models, 
one to be used at water content greater than or equal to 13% 
by volume and the other to be used at water contents less than 
13%. 
The raw data used to obtain the averages of Table 1 and 
the equations for Tables 2 and 3 are presented in Appendix 
Tables A4, A5, and AS. 
B. Soil Water Uptake and Plant Root Distribution 
Soil water content distributions within the profile at 
nine sampling dates are shown in Tables 4, 5, and 6 for soy­
beans, grain sorghum and corn, respectively. In general, 
soil water contents decreased with time in the three crops at 
Table 2, Equation parameters to predict soil water matric potential (bars) for Ida 
silt loam soil from a given water content (X) in % of volujne 
A ? 3 A 
Model a : -log Y = A + Bx + Cx + Dx ; Model bi -log Y = A + Bx 
Soil 
depth 
(cm) 
Parameters 
Model^ A B C D 
15 a 
b 
4.228509 
4.000000 
-0.3806216 
-0.2358329 
0. 0110174 -0.0001179 
45 a 
b 
6.341470 
4.000000 
-0.5917038 
-0.2176920 
0. 0185165 -0.0002142 
75 a 
b 
5.369910 
4.000000 
-0.5669420 
-0.2572730 
0. 0188619 -0.0002203 
105 a 
b 
6.511735 
4.000000 
-0.6606026 
-0.2358329 
0. 0212962 -0.0002390 
135 a 
b 
7.330595 
4.000000 
-0.7592142 
-0.2358329 
0. 0255450 -0.0002982 
165 a 
b 
6.341269 
4.000000 
-0.7026787 
-0.2572720 
0. 0253492 -0.0003149 
195 a 
b 
6.871834 
4.000000 
-0.7369562 
-0.2358329 
0. 0261209 -0.0003215 
R 
.981 
.997 
.997 
.998 
.998 
.990 
.995 
^Model a for values of soil water content > 13%; Model b for values < 13%. 
Table 3, Equation parameters to predict unsaturated hydraulic conductivity (cm/ 
min) from a given value of water content (% vol.) for Ida silt loam soil, 
Castana, Iowa 
epth Parameters 
cm) ABC DR 
15 -19.75669 1.171544 -0.03201567 0.00032565 .998 
45 -21.74432 1.439290 -0.04011958 0.00041808 .999 
75 -19.78498 1.368375 -0.03896693 0.00040208 ,998 
105 -21.81340 1.491363 -0.04165676 0.00041991 .998 
135 -22.89637 1.602272 -0.04569753 0.00046839 .999 
165 -21.26252 1.521866 -0.04541798 0.00048489 .998 
195 -22.15934 1.584795 -0.04709419 0.00050294 .998 
Table 4. Soil water content (% vol.) for 'Wayne' soybeans grown on Ida silt loam 
soil at Western Iowa Research Center, Castana, Iowa, during the 1978 
growing season (each value is an average of five samples) 
soil depth D^ys after planting 
(cm) 35 54 63 69 76 82 89 90 99 
7.5 25.70 23.26 28.90 18.49 19.14 15.66 14.04 12.69 25.65 
22.5 24.68 18.37 23.71 18.47 19.02 14.85 12.96 12.56 19.04 
45.0 22.31 18.50 18.21 15.05 14.40 12.50 12.75 11.88 12.50 
75.0 21,83 20.03 20.64 16.94 16,05 12.35 14.43 13.39 13.65 
105.0 19,05 19.14 17.57 17.22 16.10 13.70 13.44 12.93 12.80 
135.0 15.69 15.91 15.30 16.02 16.10 16.37 15.58 14.12 14.26 
165.0 14.73 15.22 14.84 15.53 15.81 13.70 15.87 16.00 15.62 
195.0 17.38 16.86 16.96 16.66 16.96 16.48 16.88 16.88 17.29 
225.0 17.98 17.98 17.89 18.06 18.09 18,49 17.69 17,55 17,55 
Table 5, Soil water content (% vol.) for 'Pioneer 0674' grain sorghim grown on 
Ida silt loam soil at Western Iowa Research Center, Castana, Iowa, 
during the 1978 growing season (each value is an average of five samples) 
Soil depth pays aftgr P^antljia • XX 
(cm) 35 54 63 69 76 82 89 92 99 
7.5 27.24 18.76 28.27 17.86 24.71 16.09 14.03 12.58 26.32 
22,5 28.13 20,70 21.91 27.58 20.11 14.86 14.12 13.54 17.50 
45.0 24.62 20,11 20.10 17.09 15.38 13.35 13.37 13.04 13.35 
75.0 23.21 24,41 22.91 18.82 18.33 17.03 14.92 14.37 14.04 
105.0 18.36 19,34 19.57 17.72 18.05 16.55 15,22 13.73 13.89 
135.0 14.08 14,19 15. 80 16.12 17.95 15.95 15 .31 15.19 15.06 
165.0 14.05 14,35 14.94 15.56 13.70 15.53 16.09 15.92 15.88 
195,0 18.81 17,07 18.09 16.66 17.29 16. 82 16.62 16.58 16.62 
225.0 17.98 17,96 18.09 17.94 17.55 18.10 18.02 17.92 17.98 
Table 6, Soil water content (% vol.) for 'Pioneer 3380' corn grown on Ida silt 
loam soil at Western Iowa Research Center» Castana, Iowa, during the 
1978 growing season (each value is an average of five samples) 
Soil depth Days after plaptlnq 
(cm) 35 54 63 69 76 82 89 92 99 
7.5 27.36 16.46 29.55 19.52 27.40 16.98 14.27 13.61 26.65 
22.5 28.78 18.00 20.30 18.20 23.49 16.90 15.88 13.66 16.35 
45.0 25.10 17.97 18.92 17.75 16.00 13.89 12.96 12.76 12.27 
75.0 25.61 22.72 23.41 20.21 18.72 17.35 15.15 13.38 14,37 
105.0 20.90 23.45 20.62 19.55 17.54 17.25 15.53 14.36 13.66 
135,0 16.51 22.16 18.32 18.20 15.31 16.67 15.87 16.08 15.56 
165.0 15,03 16,40 15.81 14.87 14.59 14.54 15,23 15,13 15,04 
195,0 16,46 16,96 17,17 16,92 17,42 17,18 16,82 16,78 16,87 
225,0 16,96 17.47 17.96 18.17 18.49 18.49 18.14 17.97 18,05 
52 
all depths between 30 and 210 cm. Periodic rainfall (Figure 
7) recharged the 0- to 15- and the 15- to 30-cm layers. 
The lowest total quantity of available water (-0,3 to 
-15 bars matric potential) occurred on day 92 (August 10) 
for the three crops. The 45.9 mm of rainfall that occurred 
on August 15 caused substantial recharge of the uppermost two 
soil layers. 
Actual évapotranspiration was computed for each of the 
eight periods during the growing season. The divisions be­
tween periods correspond to the dates of soil sampling for 
water contents. The summary of water balances for the three 
crops is shown in Table 7. The total actual évapotranspira­
tion values for the period from 35 to 99 days after planting 
for soybeans, grain sorghum and corn were 208,3 mm, 277.5 mm 
and 307.3 mm, respectively. 
Actual évapotranspiration rates were about 3 mm/day for 
the period 35 to 54 days after planting, increased to about 
5 mm/day from days 63 to 82 and then decreased to about 3 
to 4 mm/day from days 92 to 99 (Figure 8). Statistical analy­
sis of these actual évapotranspiration (AET) for the three 
crops showed that there were no significant differences among 
AET's for soybeans, grain sorghum and corn (Table 8). Statis­
tical analysis of water uptake for the three crops with re­
spect to time fitted a quadratic function (p < 0.05) (Table 8). 
Kanemasu et al. (1976) , working with a weighing lysime-
ter, found that évapotranspiration was about 10% greater 
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Figure 7, Rainfall distribution during the growing season of 1978 at Western 
Iowa Research Center, Castana, Iowa 
Table 7. Summary of the data from a water balance (actual évapotranspiration) for 
soybeans, grain sorghum and corn during the 1978 growing season on Ida 
silt loam soil at Western Iowa Research Center, Castana, Iowa 
Days after planting 
Elements of 35 54 63 69 76 82 89 92 99 
water balance (6/14) (7/03) (7/12) (7/18) (7/25)((7/31) (8/07) (8/10) (8/17) Total 
Precipitation 32.26 59.18 5.33 36.07 0.00 21.25 0.00 45,97 200. 1 
Runoff^ 0,00 7.72 0.00 2.54 0.00 0.00 0.00 2,54 12. 8 
Soybeans 
Soil water 29.15 -9.82 41.30 4.05 41,30 -3.90 14.29 -31,88 
depletion 
Flow upward or 1.37 0.88 0.53 0.74 0.62 0.86 0.22 0,44 
downward ( -) 
Actual ET 62,78 50.25 39.43 40. 86 39,38 18.55 14.51 14,53 280. 3 
Sorahum 
Soil water 34.93 -22.26 35.87 5.93 35.55 15.50 11.48 -26,78 
depletion 
Flow upward or -6.06 0. 80 -0.10 0.69 0.17 0.75 0.31 0,68 
downward ( -) 
Actual ET 61.14 37.72 33.38 42.69 33.18 37.84 11.79 19.87 277. 6 
Corn 
Soil water 30.82 -8.30 37.79 3.06 33.59 22.67 14.03 -21,69 
depletion 
Flow upward or 0.74 0.45 0.51 0.77 0.75 0.92 0,33 0,69 
downward ( -) 
Actual ET 63.82 51.34 35.91 39.91 31.80 45.18 14.36 24,97 307, 3 
^Estimated according to Shaw (1963). 
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Figure 8. Mean actual évapotranspiration per period for soy­
beans, sorghum and corn grovn on Ida silt loam at 
Castana, Iowa, during the growing season of 1978 
Table 8, Summary of statistical analysis of some parameters with the sum of 
squares (SS) and F values 
Parameters 
Actual 
évapotranspiration Actual ET/open Actual ET/ 
(mm/dav) nan evaporation potential ET 
SS F SS F SS F 
Crop 2 1.19 0.86NS^ 0.03 0.27 0.03 0.78NS 
Time 3 
Linear 1 0.98 1.42NS 0.00 0.OONS 0.01 0,66NS 
Quadratic 1 28.82 41.32** 1.93 36.39** 0.77 38.28** 
Cubic 1 0.07 0.IONS 0.08 1.57NS 0.00 0.OONS 
Lack of fit 11.05) (0.08) (0.01) 
Crop X time (L) 2 11.73 1.24NS 0.04 0.42NS 0.04 1.OONS 
Crop X time (Q) 2 0.60 0.43NS 0.01 0.16NS 0.01 0.22NS 
Crop X time (C) 2 0.61 0.44NS 0.02 0.19NS 0.01 0.48NS 
Error 12 8.37 0.64 0.24 
Total 23 42.40 2.77 1.12 
^NS = nonsignificant. 
••Statistically highly significant (p < O.Ol), 
Sources of 
variation df 
Table 8. (Continued) 
Parameters 
Total root dry Total dry matter TDM/AET^ 
matter (g/plant) (q/plant) ( a/mm ) 
SS F SS F SS F 
Crop 2 5105.07 300.35** 500144.5 2448.3** 257.69 103.26** 
Time 3 
Linear 1 347.23 40.86** 77258.9 756.6** 19.56 15.68** 
Quadratic 1 36.12 5.43* 1377.1 13.5** 2.45 1.96NS 
Cubic 1 7.54 0.98NS 194.9 1.9NS 0.46 0.37NS 
Lack of fit (7.54) (194.9) (2.91) 
Crop X time (L) 2 362.04 21.30** 89251.4 436.9** 2. 89 1,16NS 
Crop X time (Q) 2 48.59 2.86NS 2091.2 10.2** 1.20 0.48NS 
Crop X time (C) 2 1.32 0.06NS 22.4 O.llNS 3.89 1.56NS 
Error 9 76.48 919.3 (6) 7.48 
Total 20 5994.13 671259.9 (17)295,65 
^Total dry matter/actual évapotranspiration. 
•Statistically significant (p < 0.05). 
Sources of 
variation df 
Table 8. (Continued) 
Parameters 
Source of 
variation df 
• 
Leaf area index 
Root density 
cm/cm2 
SS F SS F 
Crop 2 18.38 83.91* 130.83 1.OONS 
Time 3 
Linear 1 0. 80 7.35* 2792.81 42.54** 
Quadratic 1 3.38 30.85* 1041.79 15.01** 
Cubic 1 0.03 0.30NS 232.58 3.54NS 
Lack of fit (0.03) (232.58) 
Crop X time (L) 2 10.70 48.87* 362.03 2.76NS 
Crop X time (Q) 2 1.15 7,08* 144.67 I.IONS 
Crop X time (C) 2 1.34 6.14* 8.46 0.06NS 
Error 9 0.98 (7) 459.51 
Total 20 37.19 (18)5172.72 
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from soybeans than from sorghiam. They said that differences 
in AET resulted from differences in soil water contents and 
in the direction of soil water flux below the root zone. In 
the present research conducted under field conditions, the 
precision of the experiment was such that we were not able to 
detect any differences of 10% in actual évapotranspiration 
between crops. 
Plant rooting profiles for soybeans, grain sorghim and 
corn as functions of time are presented in Tables 9, 10 and 
11. Root elongation and development are affected by a large 
number of factors. In order to make any comparisons among 
root growth characteristics for different plants, they should 
be grown at the same environmental conditions (Portas, 1973). 
In this experiment, the three crops were planted on the same 
day and the same soil. The differences in root distribution 
therefore are related to differences in plant response. 
Three-dimensional diagrams of root density distribution as 
functions of soil depth and of time for soybeans, grain sor­
ghum and corn are shown in Figures 9, lO and 11, respectively. 
2 Soybean rooting intensity (cm roots/cm land surface 
2 
area) seemingly increased from 16.2 cm/cm on day 64 to 59.1 
2 2 
cm/cm on day 79 then decreased to 54.1 cm/cm on day 90 and 
2 finally increased to 76.0 cm/cm on day 97. Because the root 
samples were not replicated at a particular time, these dif­
ferences recorded in Table 9 possibly may not be real. If 
real, the decrease in rooting density at day 90 probably is 
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Table 9. Soybean rooting profiles on Ida silt loam soil at 
Western Iowa Research Center, Castana, during the 
1978 growing season (values in cci/cm^) 
Sample Sampling dates after planting 
oeprn 
(cm) 64 70 76 77 79 83 90 97 Avg 
0-15 .33 .41 .66 .67 .57 .66 .40 .50 .53 
15-30 .29 .42 .57 .37 .73 .69 .59 .51 .52 
30-60 .14 .26 .50 .28 .45 .32 .30 .56 .35 
60-90 .05 .11 .41 .27 .30 .31 .28 .63 .29 
90-120 .04 .11 .32 .26 .36 .34 .25 .51 .27 
120-150 - .03 .14 .10 .20 .15 .30 .27 .15 
150-180 - - .01 .04 .01 .04 .18 .06 .03 
180-210 — — — — — — — — 
Total 2 16.2 27.7 59. 8 44.1 59.1 55.0 54.1 76.0 
(cm/cm ) 
= trace. 
Table lO. Sorghum rooting profiles on Ida silt loam soil at 
Western Iowa Research Center, Castana, during the 
1978 growing season (values in cm/cm^ of soil) 
Sample Sampling dates after planting 
aeprn 
(cm) 64 70 76 83 91 97 Avg 
0-15 .14 .84 .44 .41 1.28 .71 .64 
15-30 .41 .60 1.25 1.15 .56 .48 .74 
30-60 .14 .37 .62 .37 .49 .28 .37 
60-90 .03 .26 .27 .22 .21 .20 .20 
90-120 .02 .14 .10 .14 .11 .23 .14 
120-150 - .07 .03 .10 .05 .12 .07 
150-180 - .02 .01 .04 . Oo .03 .02 
180-210 — — — — — — — 
Total 2 13.9 47.4 56.2 49.5 53.7 43.6 
(cm/cm ) 
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Table 11. Corn rooting profiles on Ida silt loam soil at 
Western Iowa Research Center, Castana, during the 
1978 growing season (values in cm/cm^ of the soil) 
Sample 
depth 
(cm) 
SamDlina dates after olantina 
Avg 54 77 84 90 98 
0-15 .15 1.10 .77 .95 .78 .75 
15-30 .25 .75 .70 .70 .90 .55 
30-50 .11 .45 .40 .37 .35 .34 
50-90 .04 .25 .27 .25 .19 .20 
90-120 .02 .08 .15 .29 .20 .15 
120-150 .01 .01 .02 .05 .10 .04 
150-180 - - .02 .02 .02 .01 
180-210 — — — — — — 
Total 11.5 51.4 47.8 54.5 51.3 
(cm/cm ) 
associated with many of the soil layers becoming dry at about 
that time (Table 4) . The soybean root extracted the most water 
during the August 7 to 10 period from the 120- to l50-cm layer 
q 
(Table 12). Rooting density (cm roots/cm soil) doubled from 
•5 
0.15 to 0.30 cm/cm in that layer between 83 and 90 days after 
planting (August 1 to August 8). During that period, the 
matric potential gradient from the 155- to 135-cm depth was 
great, thus allowing upward movement of water toward the high 
root concentration. These data are in agreement with the re­
sults of Taylor and Klepper (1975), who found that water uptake 
rates were proportional to rooting density, to hydraulic con­
ductivity (Table 3) and to differences in matric potential 
(Table 2). 
Percentages of the root density (cm of roots/cm^ of soil) 
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Figure 10. Sorghum root density distribution as a function 
of depth and time on Ida silt loam soil at 
Castana, Iowa, during 1978 
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Figure 11. Corn root density 
depth and time on 
Iowa, during 1978 
distribution as a function of 
Ida silt loam soil at Castana, 
Table 12. Total water extraction from each soil layer throughout the profile of 
Ida silt loam soil, matric potential and root density distribution for 
soybeans, grain sorghum and corn during the Aug, 7 to Aug. 10, 1978 
period at Western Iowa Research Center, Castana 
Root density 
Depth of water used Soil matric potential distribution 
depth Soybeans Sorghum Corn Soybeans SorghunA Corn Soybeans Sorghum Corn 
(cm) (mm) (- bars) (cm/cm^) 
0-15 2.02 2.17 0.99 10.17 10.78 6.20 .40 1.28 .96 
15-30 0.61 0.87 3.32 10.94 6.34 6.08 .59 .56 .70 
30-60 2.62 1.01 0.60 26.00 19.94 16.66 .30 .49 .37 
60-90 3.12 1.68 5.30 4.28 2.92 4.30 .28 .21 .25 
90-120 1.54 4.45 3.49 8.94 6.87 5.12 .25 .11 .29 
120-150 4.36 0.36 -0.63 7.30 4.43 3.08 .30 .05 .06 
150-180 -0.38 0.50 0.31 1.99 2.03 2.64 .18 .01 .02 
180-210 0.00 0.12 0.12 2.13 2.34 2.20 - - -
210-240 0.40 0.32 0.52 1;76 1.60 1.58 - - -
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(averaged over time) for the three crops are plotted in Figure 
12. The percentages of root density from 0 to 15 cm deep for 
soybeans, grain sorghum and corn were approximately 25%, 30% 
and 35%, respectively. From 15 to 30 cm deep an inversion 
may have occurred because the percentages of root density • 
were 24, 34 and 30 for soybeans, sorghum and corn, respec­
tively. Below the depth of 30 cm the percentages of root 
density for soybeans were always higher than those for grain 
sorghum and corn (Figure 12). 
Arya et al. (1975) found that soybean root density in­
creased with depth to 40 cm with their maximum density being 
between 20 and 40 cm. Below 40 cm their average root density 
decreased monotonically with depth. Their data are in agree­
ment with our data for the first soil depth, but from 30 to 
120 cm our percentages of root density changed only about 5% 
for soybeans (Figure 12). 
Root density was higher from 30 cm to 150 cm for soy­
beans than for sorghum and corn (Figure 12). At 91 days 
after planting, root density at the 120- to 150- cm depth was 
0.30, 0.05, and 0.06 cm/cm^ for soybeans, sorghum and corn, 
respectively. The soil matric potentials at that depth and 
time were -7.3, -4.4 and -3.1 bars for soybeans, sorghum 
and corn, respectively. The greater rooting density of the 
soybeans had extracted more water and lowered soil matric 
potential more than had occurred in the sorghum and corn 
plots under the same circumstances. The zones of maximum 
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Figure 12. Percentage distribution of root length in each 
soil layer (averaged over time) for soybeans, 
sorghum and corn during 1978 on Ida silt loam 
soil at Western Iowa Research Center, Castana, 
Iowa 
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water extraction were from 120 to 150 cm for soybeans, from 
90 to 120 cm for sorghum and from 60 to 90 cm for corn 
(Table 12). 
Water uptake is a dynamic process. The continuously 
changing patterns of water uptake suggest that interactions 
occur between crop rooting characteristics and hydraulic 
properties of the soil. 
Ritchie (1973) reported that transpiration rate from 
sorghum or corn is not affected by soil water deficit until 
the available water content in the root zone is less than 0.3 
of the maximum extractable water content. If we consider that 
the maximum extract able water content is equal to field capacity 
(which often is considered to be equivalent to -0.33 bar of 
soil matric potential), the maximum extractable water content 
for Ida silt loam (volume basis) is 18.9%, averaged over all 
depths (Table 2). 
The value of 0.3 of the maxim-urn extractable water content 
is a value of 13.5% in water content. According to the-concept 
of Ritchie (1973) the only time that water was deficient during 
the present experiment was from 89 to 99 days after planting 
•when values lower than 13.6% occurred, particularly at a soil 
depth of 45 cm. Of course, OTir data were obtained on a soil 
much deeper than the soil of Ritchie (1973). If deep roots 
are less effective than shallow roots, plants may have suf­
fered more water stress than would have been predicted by the 
concept of Ritchie (1973). 
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C. Actual Evapotranspiration (AET)/ 
Open Pan Evaporation 
Data of soil water contents in the profile for soybeans, 
sorghum and corn were collected only from 35 to 99 days after 
planting; therefore, a curve for the ratio of actual ET/open 
pan EV cannot be presented for the entire growing season. 
The values of AET came from the water balance computed 
for each period with the length of the period being deter­
mined by soil water sampling dates. Eight periods were avail­
able to compute the ratios of AET/open pan EV. These ratios 
are plotted for each period (Figure 13). 
Statistical analysis of the ratio of AET/open pan EV 
with respect to soybeans, sorghum and corn showed no signifi­
cant differences among crops (p < 0.05). The ratios of AET/ 
pan EV as a function of time fit a quadratic curve (p < O.Ol) 
(see Table 8). Because actual évapotranspiration had not 
varied significantly among crops, one should not expect the 
ratio of AET/pan EV to vary among the three crops. 
The ratios of AET/pan EV for soybeans, sorghum and corn 
plotted against time (Figure 13) showed a particularly large 
value between 69 and 76 days after planting. Three conditions 
could have occurred: (a) AET could have actually increased, 
(b) evaporation from the pan could have reduced abnormally, 
and (c) an error could have occurred. The increase in AET 
during the period was not significant (Table 7). The con­
dition b (weather conditions) seems to be the reason. 
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Figure 13. Actual evapotranspiration/open pan evaporation 
for soybeans, sorghum and corn as a function of 
time during the growing season of 1978 
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Average pan evaporation during the period dropped from 6.2 to 
4.1 mm/day vhen compared with the period before it (Figure 
14). The curve of pan evaporation with time follows very 
closely the pattern of maximum temperature with time, but 
pan evaporation by itself is not the only factor responsible 
for PET. Another factor that should have had some contribu­
tion was the number of days in the period with rainfall. From 
Figure 7 we can see that rainfall occurred three days out of 
the seven-day period. Changes in microclimate for the pan 
evaporation also may have interfered with evaporation from 
the pan. Chang (1961) working with sugar cane said that high 
ratios of AET/pan EV could be caused by the effect of warm air 
advection on crop and on pan evaporation. The pan's smooth 
water surface and protecting rim are not suited for intercept­
ing incoming warm air, but crops are suited. As a consequence, 
the evaporation from the pan results in lower values than AET 
and the ratio goes above 1. The one set of points for 59 to 
76 days was ignored when the curves were drawn for Figure 13. 
The ratio AET/pan EV for soybeans reached the maximum 
value at a stage of pod formation (Vl6 R4) Table Al. This 
maximum AET/pan EV condition happened between 69 and 82 days 
after planting. Stanley (1975) showed a similar curvej how­
ever, the maximum ratios occurred later in the season. In 
his experiment, he used 'Rampage' soybeans and they were 
planted on May 25. In our experiment, 'Wayne' soybeans were 
planted on May 10. In addition, Stanley (1975) conducted 
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his experiment at Ames, Iowa during a different year. These 
reasons may explain the differences in the pattern of the 
curves. 
Early in the season, the ratios of AET/pan EV (Figure 
13) for soybeans, sorghum and corn were about 0.3, then they 
increased in a quadratic function of time (p < O.Ol, Table 8) 
to near 1.0 at the silking phase for corn, pod formation phase 
for soybeans and bloom phase for sorghum (Tables 13, 14, and 
15). Several papers have been published on this subject. 
Denmead and Shaw (1959) found the maximum ratio between AET/ 
pan EV for corn was 0.8l at the silking phase. Laing (1966) 
working with soybeans found a maximum ratio of about 0.9. 
Middleton et al- (1967) found a ratio over 1.0 during the 
maturation phase for soybeans. The maximum values for the 
ratios of AET/pan EV in this study are close to those found 
by the researchers quoted above. 
The period in which the maximum values for the ratio 
AET/pan EV occurred is about the same period in which the 
maximum values of leaf area index (LAI) occurred for the 
three crops (Tables 13, 14 and 15). When LAI is increased, 
more solar radiation is intercepted ; therefore, more plant 
growth occurs, transpiration is increased and, consequently, 
more water is absorbed by the root system if soil water po­
tential is not a limiting factor. 
Between 76 and 82 days after planting,the ratio starts 
to decrease for the three crops. According to Chang (1958), 
Table 13, Various plant parameters for soybeans grown on Ida silt loam soil at 
Western Iowa Research Center, Castana, Iowa in 197 8 (all measurements 
are averages of 10 plants) 
Date 
Days 
after 
planting 
Develop­
ment 
stage 
Plant 
height 
(cm) 
Leaf 
area 
(cm2) LAI 
Dry weiaht (a/olant) 
Leaf Stem Pods 
No « of 
pods 
1 cm or 
longer 
7/11 62 V10,R1 45.1 1266 3.7 5.3 4.2 0.0 0 
7/17 68 V10,R2 50.0 1222 3 .6 4.7 4.2 0.0 0 
7/24 75 V14,R3 60.0 1961 5.8 7.6 7.2 0.1 2 
7/28 79 V15,R3 60.2 2049 6.1 8.2 8.9 0.3 16 
8/01 83 V16,R4 75. 8 2392 7.1 10.6 11.3 1.0 33 
8/04 86 V17,R4 74.2 2566 7.6 9.6 10.6 1.5 32 
8/07 89 V18,R5 78.9 2318 6.9 10.7 11.9 2.1 42 
8/11 99 V18,R5 88.7 2322 6.9 9.8 12.6 4.1 46 
8/14 96 V18,R5 89.3 2273 6.7 9.9 14.0 6.2 51 
8/18 100 V18,R6 89.0 1890 5.6 9.0 13.0 7.2 46 
8/21 103 V19,R6 89.2 1833 5 .4 8.9 12.5 7.7 44 
Table 14. Various plant parameters for sorghum grown on Ida silt loam soil at 
Western Iowa Research Center, Castana, Iowa, in 1978 (all measurements 
are averages of 10 plants) 
Date 
Days 
after 
planting 
Development 
stage 
Plant 
height 
( cm ) 
Leaf 
area 
( cm^ ) LAI 
Dry weiaht/blant 
Leaf Stem 
7/11 62 3.0 55.1 2 807 4.5 15.9 33.0 
7/17 68 4.0 65.2 3150 5.0 17.2 51.8 
7/24 75 6.0 71.9 3043 4.9 18.9 68.6 
7/28 79 6.8 72.3 2849 4.6 18.9 74.5 
8/01 83 7.0 71.6 2559 4.1 20.0 75.7 
8/04 86 7.5 72.0 2367 3.8 19.1 83.6 
8/07 89 8.0 71.8 2228 3.6 19.0 90.3 
8/11 93 7.9 70.9 1918 3.1 18.9 88.4 
8/14 96 8.0 70.8 1733 2.8 18.2 87.6 
8/18 100 8.5 71.3 1719 2.8 18.7 89.0 
8/21 103 9.0 72.6 1782 2.8 19.0 88.0 
Table 15, Various plant parameters for corn grown on Ida silt loam soil at Western 
Iowa Research Center, Castana, Iowa, in 1978 (all measurements are 
averages of 1Û plants) 
Days 
after 
planting 
Develop­
ment 
stage 
Plant 
height 
(cm) 
Leaf 
area 
(cm^) 
Dry weiaht/plant No. of 
ears/ 
plant Date LAI 
Leaf Stem 
—  ( g )  
Ears 
7/11 62 2.5 119.3 5019 2.8 40.3 54.5 0.0 0.0 
7/17 68 2.5 138.6 5022 2.9 40.5 154.3 0.0 0.0 
7/24 75 5.4 156.6 6707 3.8 45.4 256.8 29.9 0.0 
7/28 79 5.4 167.4 6354 3.6 45.4 254.8 62.1 0.0 
8/01 83 6.0 177.0 6321 3.6 46.7 254.9 88.0 0.0 
8/04 85 6.6 179.7 6574 3.7 47.6 258.8 113.6 1.0 
8/07 89 7.0 185. 8 6565 3.7 47.4 248.8 171.8 1.6 
8/11 93 7.5 187.6 6647 3.8 49.6 256.0 166.0 1.6 
8/14 96 7.5 185.9 6668 3.8 51.1 266.6 149.8 1.9 
8/18 100 7.9 191.5 6633 3.8 50.8 273.6 210.4 2.1 
8/21 103 8.0 193.3 6628 3.8 51.0 292.4 236.12 2.1 
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such reduction in the ratio AET/pan EV is due primarily to 
senescence of the leaves and to the other plant physiological 
changes associated with maturation. When physiological 
maturity approaches, the leaves start to drop which causes a 
reduction in LAI and the remaining leaves become less active 
photosynthetically. 
D. Water Use, Dry Matter Production and 
Other Plant Parameters 
Reduced water use while maintaining high productivity 
or increased productivity without increasing the water use 
are the main tasks of research on soil-water-plant relation­
ships. Water use and productivity are intimately linked to­
gether because both depend on the supply of radiant energy 
and both are influenced by plant characteristics and the 
environment. 
During the 1978 growing season, plant samples were taken 
periodically for soybeans, grain sorghum and corn in order to 
measure the different plant parameters as functions of time. 
These data are presented in Tables 13, 14 and 15, respective­
ly. Because some dates of plant sampling were different from 
the days in which soil water contents were measured we fitted 
equations based on the model: 
Y = A + Bt + Ct^ + Dt^ (17) 
to the plant data to allow predictions of plant parameters 
(y) on the days that soil water contents were determined. 
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Tables 15, 17 and 18 show the different equation coeffi­
cients for estimating the plant parameters between 62 and 
103 days after planting for soybeans, grain sorghum and corn, 
respectively. 
The above- g round dry matter produced for each period was 
estimated by the equations presented in Tables 16, 17 and 18. 
Root dry matter production was measured throughout the pro­
file for each particular soil depth and time (Table 19). 
Because the soil sampling for water balance and the root 
sampling (slabs) always were within one day of each other, 
no equations were developed to predict root dry matter. Total 
root dry matter for soybeans, sorghum and corn as a function 
of time are plotted in Figure 15. 
Statistical analysis of root dry matter among crops 
showed highly significant differences (p < O.Ol, Table 8). 
At 54 days after planting the total dry matter per plant for 
soybeans, sorghum and corn was 1.45 g, 3.55 g, and 18.63 g, 
respectively. At 99 days after planting (Aug. 17), the total 
root dry matter was 4.98 g for soybeans, 8.44 g for sorghum 
and 48.88 g for corn. 
Although total root intensity in the soil profile (cm of 
2 
root/cm of area) showed no significant differences among 
crops (p < 0.05, Table 19), total root dry matter showed 
highly significant differences among crops (p < O.Ol). This 
fact means that root diameters must differ among crops. 
The maximum values of root dry matter for soybeans. 
Table 16, Equation coefficients for estimating 'Wayne' soybean plant parameters 
as functions of time (t) in days 
Coefficients 
2 Plant parameters A B C DR
Development stage 60.34504 -2.557135 0.03876886 -0.00017344 .973 
(vegetative) 
Plant height (cm) 498.80590 -19.656490 0.26961940 -0.00113961 .985 
Leaf area (cm^) 22073.08000 -965.103500 14.17106000 -0.06525272 .910 
Leaf area index 64.28404 -2.820111 0.04153268 -0.00019160 .911 
Leaf dry matter (g) 117,12750 -4.874073 0,06802881 -0,00030060 ,894 
Stem dry matter (g) 179,17580 -7,276990 0,09725094 -0,00041083 ,975 
Pods dry matter (g) 64,77099 -2.112484 0,02046652 -0,00005130 ,976 
No. of pods 1868.75300 -73.030250 0.92632060 -0.00378076 .978 
Table 17, Equation coefficients for estimating •Pioneer 8674* grain sorghum 
plant parameters as functions of time (t) in days 
Model: Y = A + Bt + Ct^ + Dt^ 
Coefficients 
Plant parameters A B C D R2 
Development stage -168.41960 5. 775183 -0.06372118 0. 00023665 .994 
Plant height (cm) -719.85810 27. 25 8400 -0.31082520 0. 00117362 .995 
Leaf area (cm ) -56767.55000 2234. 645000 -27.14772000 0. 10650000 .995 
Leaf area index -90.63662 3. 569134 -0.04337133 0. 00017019 .995 
Leaf dry matter (g) -82.06764 3. 273497 -0.03503963 0. 00012385 . 838 
Stem dry matter (g) -379.42060 10. 394160 -0.06534535 0. 00008242 .985 
Table 18, Equation coefficients for estimating 'Pioneer 3388' corn plant 
parameters as functions of time (t) in days 
ModelI Y = A + Bt + Ct^ + Dt^ 
Coeff icients 
Plant parameters A B c D R2 
Development stage 15.49079 -0 .8749012 0 .01498554 -0. 00006997 .951 
Height (cm) -327.18430 11 .0513100 -0 .06812853 0. 000094 82 .994 
Leaf area (cm ) -24832.83000 927 .5756000 -9 .05 834200 0. 02929189 .807 
Leaf area index -•17.63217 0 .6513915 -0 .00659278 0. 00002219 .828 
Leaf dry matter ( g )  69.86035 -1 .6896210 0 .02675314 -0. 00011755 .953 
Stem dry matter ( g )  -8600.62800 304 .2229000 -3 .47484100 0. 01320037 .983 
Ears dry matter ( g )  2306.59800 -91 .0063300 1 .13806600 -0. 00437628 .945 
No. of ears 69.70674 -2 .5942590 0 .03118645 -0. 00012006 .904 
Table 19. Root dry matter for soybeans, grain sorghum and corn as functions of 
time and soil depth during the 1978 growing season, on Ida silt loam at 
Western Iowa Research Center, Castana, Iowa 
Time Soil depth—LêCL) Attached Loose Total 
(days after 15 30 60 90 120 150 180 roots roots roots 
planting) (mg of root/cm^ of soil) (g/plant) 
Soybeans 
64 .2037 .0375 .0146 .0066 .0055 - - 1.305 .145 1.45 
70 .2239 .0624 .0337 .0194 .0111 .0019 - 1.872 .168 2.04 
76 .2735 .0881 .1212 ,0767 .0309 .0042 .0003 3.724 .136 3.86 
79 .2828 .1064 .0566 .0408 .0451 .0213 .0012 3.233 .087 3.32 
83 .3245 .0949 .0386 ,0432 .0474 .0137 .0005 3.171 .029 3.20 
90 .3335 .1049 .0687 .0549 .459 .0417 .0055 3.923 .277 4.20 
97 .4133 .0850 .0910 .0700 .0785 .0385 .0083 4.814 .166 4.98 
Avg (g/pl) 1.321 .372 .568 .400 .340 .156 .020 3.14 .14 3.29 
(42)3 (11.8) (18.1) (12.7) (10.8) (4.9) (0.6) 
Sorghum 
64 .19 81 .0986 .0295 .0051 .0030 - — 3,348 .202 3.55 
70 .4202 .0974 .0798 .0405 .0236 .0048 ,0001 7,331 .009 7.34 
76 .4486 .2056 .0983 .0563 .0171 .0047 .0001 9,067 .203 9.27 
83 .3084 .2518 .0804 .0276 .0293 .0183 ,0113 8,047 .063 8.11 
91 .5244 .1100 .0616 .0391 .0232 .0055 ,0004 8,037 .333 8.37 
97 .4803 .1020 .0516 .0384 .0470 .0277 .0060 8.305 .135 8.44 
Avg (g/pl) 3.569 1.298 1.202 .655 .428 .183 .054 7.38 .16 7.51 
(48.4) (17.6) (16.3) (8.9) (5.8) (2.4) (0.7) 
Corn 
64 .2429 .0722 .0266 .0096 .0027 - - 17.676 .954 18.63 
77 .4374 .1560 .0529 ,0299 .0073 - - 34.805 .075 34. 88 
84 .6001 .1766 .0713 .0574 .0286 .0032 .0016 49.544 .466 50.01 
90 .5077 .1182 .0603 .0470 .0566 .0111 .0013 44.021 .659 44.68 
98 .5693 .1662 .0683 .0398 .0423 .0194 .0001 48.391 .489 48.88 
Avg (g/pl) 21.212 6.203 5.029 3.306 2.475 .606 .054 38. 88 .53 39.42 
(54.5) (15.9) (12.9) (8.5) (6.4) (1.6) (0.1) 
^Total root dry matter, averaged over time, for each depth , values in %, 
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sorghum and corn occurred in the 0- to 15-cm soil layer, 
3 
and were 0.4133, 0.5244, and 0.6001 mg/cm , respectively. 
However, the time that maximum root masses occurred there 
was at 97 days for soybeans, 91 days for sorgh"um and 84 for 
corn (Table 19). 
Myers (1980), working with grain sorghum, pointed out 
that 53 to 65% of the root mass was in the 0- to lO-cm soil 
layer, 75 to 79% in the 0- to 20-cm layer, and 85 to 87% in 
the 0- to 40-cm layer. In the present experiment, the aver­
age of root dry matter produced (over time) for each particu­
lar soil depth was 48% in the 0- to 15-cm soil layer, 66% in 
the 0- to 30-cm layer and 82.3% in the 0- to 60-cm layer. 
Our values (percentage of root dry matter produced over time) 
are generally lower than the values found by Myers (1980) 
because the depths of the soil layers studied were different 
and, in addition, he used a different method for root sampling. 
All above-ground dry matter plus the total root dry 
matter was computed for each period of soil water balance. 
These total dry matter values for soybeans, sorghum and corn 
are plotted in Figure 15. 
Statistical analysis of total dry matter for the three 
crops based on the model from equation 15 showed highly 
significant differences (p < O.Ol) among soybeans, grain 
sorghum and corn (Table 8). Total dry matter also showed 
highly significant differences (p < O.Ol) for the interaction 
crop X time as linear and quadratic functions. The regression 
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coefficients to predict total dry matter per plant from re­
gression lines fitted as linear and quadratic functions of 
time between 62 and 99 days after planting are presented in 
Figure 16. 
The corn dry matter accumulation curve showed a steeper 
slope than soybeans and sorghum (Figure 16). At silking 
stage (between 68 and 76 days after planting) a change in 
slope occurred. At that period, leaf area index (LAI) reached 
the maximum value of 3.8 (Table 15). After the silking period, 
the LAI remained at about the same value to 99 days after 
planting. Although LAI remained practically constant, total 
dry matter increased. Since the stem dry weight increased 
very little and the leaf dry weight remained about the same, 
the increase in dry matter was due to increased ear dry weight 
(Table 15). Hanway (1971) pointed out that after silking, 
dry matter accumulation for corn occurred only in the grain. 
The total dry matter produced per plant from 63 to 99 
days after planting averaged 12.8 g/day for corn, 1.7 g/day 
for sorghum and 0.7 g/day for soybeans. 
Water use efficiency (WUE) used in this discussion was 
expressed as the ratio of total dry matter accumulated from 
day 69 to the time in question divided by the actual évapo­
transpiration from day 69 to the time in question. Water use 
efficiency can be expressed in various ways, but here we use 
grams of dry matter produced per mm of water (depth of water) 
or the equivalent grams of dry matter per kg water used. 
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Although no significant differences were found in total 
actual évapotranspiration between soybeans, grain sorghum 
and corn, the WUE calculations show highly significant dif­
ferences among crops (Figure 17). The curves of water effi­
ciency for the three crops show a linear function with re­
spect to time (p < O.Ol, Table 8). 
The data in general show that WUE decreased with time 
for soybeans, sorghum and corn. However, the decrease for 
soybeans seems to be less than those for sorgh-um and corn. 
From 59 to 99 days after planting, corn plants were the 
most efficient in dry matter production per ffun of water evapc 
transpired, followed by sorghum and finally by soybeans 
(Figure 17). Because there were no differences in water up­
take, the differences in WUE are due to differences in total 
dry matter produced during the period. This condition is re­
lated closely to the photosynthetic use of radiation and 
every crop has its own characteristics in that respect. 
The grain yield produced during the 1978 growing season 
was 2150 kg/ha for soybeans, 5100 kg/ha for grain sorghum and 
5300 kg/ha for corn. 
It is clear that no generalizations can be made about 
the magnitude of the values computed in WUE studies with 
respect to the available water supply. The total actual 
évapotranspiration and the yield of either the total or 
marketable crop are an integration of the many and fluctuating 
factors in the system such as the amount of vegetative cover. 
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the interception of energy by the canopy (so it does not 
reach the soil sxirface to evaporate water), the wetness of 
the soil surface, and the availability of water at critical 
stages of growth (Viets, 1965). 
Managing the soil-water-plant system to conserve water 
to produce the highest economic yield leads to greatest 
water use efficiency. A better understanding of soil, plant, 
and meteorological factors that influence water use by crops 
under field conditions is needed in order to increase the 
efficient use of the available water supply. 
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V. CONCLUSIONS 
The following conclusions are made based on the results 
obtained during 1978 at Castana, Iowa under the conditions 
that prevailed. 
1. Soybeans, grain sorghum and corn grown on Ida silt 
loam soil planted at the same date during 1978 showed no sig­
nificant differences in actual évapotranspiration during the 
period from 35 to 99 days after planting. 
2. Most of the water used by the three crops was ex­
tracted from the upper 60 cm of the soil profile because the 
upper layers of soil were rewet periodically by rainfall. 
3. Below the 30-cm soil depth, soil water content 
usually decreased with time. 
4. Actual évapotranspiration for the three crops 
followed a quadratic function with respect to time. 
5. Between 30 and 150 cm depth of soil, soybeans had 
about 5% higher total average root density than corn or grain 
sorghum. 
6. At 91 days after planting, soybean roots extracted 
water from deeper layers than grain sorghum and corn. 
7. The ratio between actual évapotranspiration and open 
pan evaporation for soybeans, grain sorghum and corn had maxi­
mum values ranging between 0.9 and 1.0, and these values did 
not differ significantly among crops. 
8. Soybeans, grain sorghum and corn, at 99 days after 
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planting, had total root dry matter in the ratio of 1:2:10, 
respectively. The maxixntam values of root dry matter for the 
three crops occurred in the 0- to 15-cm soil layer. 
9. Total dry matter increased with time between 62 and 
99 days after planting, at the rate of 12.8 g/day for corn, 
1.7 g/day for grain sorghum and 0.7 g/day for soybeans. 
10. The efficiency with which dry matter was produced 
per unit of water used was greatest for corn, followed by 
grain sorghum. Soybeans were the least efficient of the three 
crops. From 52 to 99 days after planting, water use effi­
ciency decreased for the three crops as function of time. 
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VI. SUMMARY 
A field experiment was conducted at the Western Iowa 
Research Center, Castana, Iowa to compare soybeans, grain 
sorghum and corn to contrast their relationships between water 
uptake and root density distribution, their ratios of actual 
évapotranspiration to open pan evaporation, and their actual 
dry matter production per mm of water used. 
Soil physical characterizations, including soil water po­
tential and unsaturated hydraulic conductivity, were measured. 
Gravimetric soil water contents were determined as functions 
of time throughout nine layers of soil profile down to a 
240-cm soil depth and plant rooting density profiles for the 
three crops were measured at several physiological stages. 
The water balance for each crop was computed from the changes 
of soil water content, and from rainfall, runoff, and upward 
or downward (percolation) flow for the different sampling 
periods. 
Leaf area index (LAI), stage of development, dry matter 
production including top mass and root masses from the differ­
ent soil layers were measured for soybeans, grain sorghum and 
corn between 54 and 103 days after planting. 
The actual évapotranspiration (AET) measured from 35 to 
99 days after planting for soybeans, grain sorghum and corn 
was 280 mm, 277 mm, and 307 mm, respectively. The AET showed 
no significant differences among crops (p < 0.05). 
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Because of periodic recharging by precipitation, most 
of the water used by the crops was extracted from the upper 
60 cm of the soil profile. Below 30 cm, the soil water con­
tent decreased with time. The ratio of actual évapotranspira­
tion (mm/day) for the three crops followed a quadratic func­
tion with respect to time. 
Although the three crops reached about the same depth 
at a particular time, the root density between 35 and 99 days 
after planting showed a different pattern of distribution 
among crops. From a 30- to l50-cm soil depth, the total 
percentage of root density (averaged over time) was about 
5% greater for soybeans than for corn and sorghum. However, 
the percentage of total root density was about 25% for soy­
beans, 30% for corn and 35% for sorghum in the 0- to 15-cm 
soil layer. 
The ratios of actual évapotranspiration/open pan evapora­
tion had maximum values about 1.0 and did not differ sig­
nificantly among crops. 
Water use efficiency (total dry matter produced per mm 
of water used) was greatest for corn and least for soybeans. 
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Established Series 
Rev. JRW-CSF 
5/13/76 
IDA SERIES 
The Ida series is a fine-silty, mixed (calcareous), mesic 
Typic Udorthents. They typically have thin dark brown -*ery 
friable silt loam A horizons, and yellowish brown very fri­
able silt loam C horizons that are calcareous and have some 
gray and brown mottles. 
Typical Pedon; Ida silt loam - cultivated. (Colors are 
for moist soil unless otherwise stated.) 
Ap—0 to 8 inches; dark brown (lOYR 3/3) silt loam, brown 
(lOYR 4/3) crushed; weak fine granular structure; very fri­
able; a few calcium carbonate nodules; slight effervescence; 
mildly alkaline; clear smooth boundary. (6 to lO inches 
thick) 
CI-—8 to 17 inches ; dark yellowish brown (lOHR 4/4) silt 
loam, yellowish brown (lOYR 5/4) crushed; weak fine granular 
structure; very friable; a few calcium carbonate nodules; 
strong effervescence; moderately alkaline; gradual smooth 
boundary. (6 to 12 inches thick) 
C2—17 to 25 inches; yellowish brown (lOYR 5/4) silt loam; 
massive with some vertical cleavage; very friable; a few lime 
nodules; strong effervescence; moderately alkaline; gradual 
smooth boundary. (6 to 18 inches thick) 
C3—25 to 50 inches; yellowish brown (lOYR 5/4-5/6) silt 
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loam, brownish yellow (lOYR 6/6) crushed; common gray and a 
few fine strong brown mottles; massive; some vertical cleav­
age; very friable; few soft dark bodies; few calcium carbon­
ate nodules; strong effervescence; moderately alkaline 
Type Location: Crawford County, Iowa; about 4 miles north 
and 4 miles west of Ricketts; 90 feet north and 180 feet east 
of the southwest corner of the SE%, Sec. 7, T.85N., R.41W. 
Range in Characteristics; Solum thickness is less than 
lO inches and is the same as the thickness of the A1 or Ap 
horizon. Mean annual soil temperature is estimated to range 
from 49 to 58°F. Ida soils are silt loam to depths ranging 
from 40 inches to many feet. Ida soils typically contain 
carbonates throughout, except that in some pedons the A1 or 
Ap horizons are free of carbonates. The A horizon is neutral 
to moderately alkaline. Ida soils typically contain between 
8 and 12 percent calcium carbonate equivalent. Both hard 
spherical nodules and filament-like strands of soft calcium 
carbonates are in all layers below the A horizon. The depth 
to gray and brown mottles and horizons containing less than 
l8 percent clay typically decrease with increasing gradient 
on convex slopes. Uneroded Ida soils have very dark grayish 
brown (lOYR 3/2) A1 horizons about 3 to 6 inches thick. Where 
eroded or cultivated, Ida soils have Ap horizons that are 
dark brown (lOYR 3/3), brown (lOYR 4/3 or 5/3), or darker 
grayish brown (lOYR 4/2). The C horizon is typically yellow­
ish brown (lOYR 5/4 or 5/6), but value ranges from 4 through 
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5 and chroma from 3 through 6. The 10 to 40 inch control 
section commonly averages between 18 and 25 percent clay and 
the percentage decreases regularly as depth increases. In 
some pedons below a depth of 3 feet the clay content is as 
low as 15 percent. Few to common yellowish brown (lOYR 5/6-
5/8), strong brown (7.SYR 5/6-5/8), grayish brown and light 
brownish gray (lOYR 2/5Y 5/2-6/2) mottles are in the C hori­
zon. In some pedons mottles begin as shallow as 6 to 18 
inches below the A horizon. 
Competing Series and Their Differentiae; These are the 
Dow series of the same family and the Bold, Crofton, Hamburg, 
Steinauer, and Storden series. Dow soils have grayish brown 
or olive gray control sections. Bold and Hamburg soils have 
less clay and more silt. Crofton soils formed in areas that 
have a drier climate. Steinauer and Storden soils have 
fine-loamy textures. 
Setting; Ida soils are on summits of unstable narrow 
interfluves and saddles of interfluves that are sharply con­
vex and on steep and very steep convex shoulders of sideslopes. 
Slope gradients range from 3 to 40 percent. Ida soils formed 
in loess as much as 64 thick thick. The climate is midcontin-
ental. Summers are hot and winters are cold. Mean annual 
temperature ranges from 47 to 56°F, and mean annual precipita­
tion from 27 to 32 inches (National Cooperative Soil Survey, 
U.S.D.A.). 
Table Al. Descriptions of vegetative and reproductive stage 
of development for soybeans (Glycine max (L.) 
Merr.) (after Fehr et al., 1971) 
Stage 
number Descriptions 
Vegetative stage^ 
VI Completely unrolled leaf at the unifoliolate node 
V2 Completely unrolled leaf at the first node above the 
unifoliolate node 
V3 Three nodes on main stem beginning with the unifolio­
late node 
V(N) (N) nodes on the main stem beginning with the uni­
foliolate node 
Reproductive stage 
R1 One flower at any node 
R2 Flower at node immediately below the uppermost node 
with a completely unrolled leaf 
R3 Pod 0.5 cm long at one of the four uppermost nodes 
with a completely unrolled leaf 
R4 Pod 2.0 cm long at one of the four uppermost nodes 
with a completely unrolled leaf 
R5 Beans beginning to develop (can be felt when the pod 
is squeezed at one of the four uppermost nodes with 
a completely unrolled leaf 
R6 Pod containing full size green beans at one of the four 
uppermost nodes with a completely unrolled leaf 
R7 Pods yellowing; 50% of leaves yellow, physiological 
maturity 
R8 95% of pods brown, harvest maturity 
Vegetative stages are determined by counting the number 
of nodes on the main stem, beginning with the unifoliolate 
node, which have or have had a completely unrolled leaf. 
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Table A2. Identifying characteristics and approximate time 
intervals between growth stages of sorghum^ 
Growth 
stage 
Approximate 
days after 
emergence Identifying characteristics 
0 0 Emergence, coleoptile visible at 
soil surface 
1 10 Collar of 3rd leaf visible 
2 20 Collar of 5th leaf visible 
3 30 Growing point differentiation, 
approximately 8-leaf stage by pre­
vious criteria 
4 40 Final leaf visible in whorl 
5 50 Boot, head extended into flag leaf 
sheath 
5 60 Half-bloom, half of plants at some 
stage of bloom 
7 70 Soft dough 
8 85 Hard dough 
9 95 Physiological maturity, maximum dry 
matter accumulation 
^After Vanderlip (1972). 
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Table A3. Identifying characteristics and approximate time 
intervals between growth stages of corn 
Growth 
stage 
Approximate 
days after 
emergence Identifying characteristic 
0.5 0 Plant emergence from the soil 
0.5 7 Two leaves fully emerged 
1.0 14 Four leaves fully emerged 
1.5 21 Six leaves fully emerged 
2.0 28 Eighth leaf fully emerged 
2.5 35 Tenth leaf fully emerged 
3.0 42 Twelfth leaf fully emerged 
3.5 49 Fourteenth leaf fully emerged 
4.0 55 Sixteenth leaf fully emerged 
5.0 66 Silks emerging, pollen shedding 
6.0 78 Blister stage (12 days after silking) 
7.0 90 Dough stage (24 days after silking) 
8.0 102 Beginning dent stage, a few kernels 
are showing dents (35 days after 
silking) 
9.0 114 All kernels fully dented (48 days 
after silking 
10.0 120 Physiologic maturity (60 days after 
silking) 
^After Hanway (1971). 
Table A4. Some soil physical characteristics of Ida silt loam at Western Iowa 
Research Center, Castana, Iowa 
Soil 
depth 
(cm) 
Bulk density (q/cm ) Particle density (q/cm ) 
Sample no. Sample no, 
Avg Avg 
Total 
porosity 
(% vol.) 
15 1.86 1,39 1.32 1.34 1.35 
45 1.23 1.26 1.27 1.24 1.25 
75 1.28 1.31 1.29 1.32 1,30 
105 1,28 1.29 1.28 1.27 1,28 
135 1.34 1.29 1.34 1.30 1.32 
165 1.27 1.30 1.29 1.28 1.28 
195 1.32 1.37 1.29 1.36 1,34 
2.669 2.675 2.670 2.656 2.67 49,44 
2,692 2.604 2,672 2,674 2.68 53,35 
2.686 2,680 2,661 2,682 2,68 51,49 
2.687 2,692 2,669 2,680 2,68 52,23 
2.688 2,680 2,690 2,695 2,69 50,93 
2,680 2,674 2,684 2,684 2,68 52,24 
2,695 2,691 2,689 2,695 2,69 50,19 
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Table A5. Soil moisture (% vol.) and matric potential for Ida 
silt loam soil profile at Western Iova Research 
Center, Castana, Iowa 
depih Sampling Matric potential (bars) 
(cm) no. -O.Ol —0.02 —0.04 -0.05 -0,08 
15 1 45.06 45.13 44.78 44.33 43.90 
2 46.44 46.40 44.90 43.54 42.19 
3 40.30 39.79 38.72 38.22 37.31 
4 41.12 41.10 39.43 38.71 37.47 
Avg 43.23 43.11 41.96 41.20 40.22 
45 1 50.42 48.27 46.30 45.05 43.55 
2 51.50 48.99 47.44 45.21 44.56 
3 52.58 49.55 47.48 45.22 43.60 
4 49.87 47.09 44.57 43.15 41.68 
Avg 51.12 48.49 46.45 44.91 43.45 
75 1 52.02 51.09 49.25 47.93 45.27 
2 48.69 47.50 45.32 43.80 42.16 
3 49.88 48.74 45.70 45.21 43.44 
4 51.25 50.58 47.43 45.45 45.20 
Avg 50.46 49.50 47.18 45.85 44.27 
105 1 51.10 47.28 45,30 44.40 43.54 
2 51.70 50.53 47.64 45.51 44.57 
3 51.36 50.60 47.35 46.25 44.55 
4 50.39 49.02 45.73 45.51 44.21 
Avg 51.14 49.38 45.76 45.72 44.25 
135 1 50.42 49.23 46.52 45.38 43.49 
2 51.45 49.28 49.55 48.31 45.35 
3 52.30 51.93 48.27 45.97 44.98 
. 4 48.51 45.90 44.54 43.73 42.46 
Avg 50.57 49.09 47.25 45.10 44.32 
165 1 51.50 50.50 48.51 47.11 45.97 
2 52.35 51.55 49.50 47.99 46.37 
3 49.54 48.47 45.76 45.34 43.95 
4 48.03 46.55 45.06 44.22 43.40 
Avg 49.27 47.45 46.17 44.93 44.92 
195 1 51.51 47.78 45.83 44.71 42.73 
2 50.88 49.69 47.58 45.59 43.81 
3 49.52 46.53 41.52 42.02 40.55 
4 48.20 55.83 53.54 53.06 52.29 
Avg 50.53 49.95 47.13 46.35 44.85 
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Table A6. Soil moisture (% vol.) and matric potential for Ida silt loam 
soil profile at Western Iowa Research Center, Castana, Iowa 
depth Sample : Matric potential (bars) 
(cm) no. —0.16 —0.33 —0.50 —1 —2 —4 —8 —15 
15 
45 
75 
105 
135 
165 
195 
1 
2 
3 
4 
Avg 
1 
2 
3 
4 
Avg 
1 
2 
3 
4 
Avg 
1 
2 
3 
4 
Avg 
1 
2 
3 
4 
Avg 
1 
2 
3 
4 
Avg 
1 
2 
3 
4 
Avg 
35.39 
36.37 
36.37 
36.23 
35.76 
38.95 
40.63 
39.39 
41.55 
40.13 
40.65 
39.79 
40.89 
43.32 
41.16 
42.41 
41.72 
41.23 
44.79 
42.54 
42.52 
42.84 
35.57 
43.06 
41.00 
43.71 
42.45 
44.64 
45.65 
44.11 
45.60 
45.51 
46.78 
48.76 
46.66 
28.20 
28.27 
28.27 
27.36 
27.86 
29.58 
32.94 
30.03 
33.54 
31.52 
28.53 
25.31 
28.00 
30.29 
28.03 
29.34 
28.31 
29.00 
30.94 
29.16 
48.90 
30.55 
25.29 
32.31 
34.26 
31.62 
28.31 
33.44 
34.74 
32.03 
33.15 
32.05 
34.41 
35.60 
33.80 
24.44 
24.56 
24.56 
23.22 
24.11 
24.73 
28.09 
24.61 
28.26 
26.42 
22.87 
20.13 
22.36 
24.21 
22.39 
23.29 
23.37 
23.72 
25.12 
23.88 
26.05 
25.02 
19.60 
26.51 
24.30 
25.05 
21.87 
26.74 
27.43 
25.27 
27.76 
25.11 
27.45 
26.89 
26.83 
19.66 
20.04 
20.04 
21.05 
20.71 
19.92 
22.67 
22.15 
25.56 
22.58 
17.44 
16.06 
19.86 
21.40 
18.69 
17.78 
17.54 
21.45 
20.84 
19.40 
20.89 
20.30 
16.93 
23.79 
20.48 
20.17 
16.42 
23.63 
25.25 
21.37 
22.08 
18.97 
23.67 
23.41 
22.03 
15.21 
15.20 
15.20 
15.02 
15.20 
19.03 
19.06 
19.11 
19.06 
19.07 
14.57 
14.81 
14.82 
14.71 
14.68 
16.31 
16.57 
16.41 
16.54 
16.46 
16.98 
17.16 
17.17 
17.25 
17.14 
15.00 
15.27 
15.55 
15.28 
15.28 
16.44 
16.43 
16.86 
16.76 
16.62 
13.60 
13.60 
13.60 
13.79 
13.66 
16.90 
16.79 
16.80 
16.89 
16.84 
13.19 
13.24 
13.24 
14.43 
13.53 
15.00 
15.03 
15.08 
15.19 
15.08 
15.45 
15.42 
15.41 
15.43 
15.43 
13-80 
14.46 
14.33 
13.57 
14.03 
14.83 
14.74 
14.89 
14.91 
14.84 
12.28 
12.32 
12.63 
12.22 
12.36 
15.25 
15.29 
15.31 
14.79 
15.16 
12.18 
12.19 
12.09 
11.96 
12.11 
13.60 
13.51 
13.65 
13.45 
13.55 
14.07 
14.14 
14.20 
13.90 
14.08 
12.68 
12.93 
12.93 
12.29 
12.71 
13.65 
13.79 
13.58 
13.09 
13.53 
11.11 
11.09 
11.42 
11.06 
11.17 
13.48 
13.55 
13.49 
13.50 
13.51 
10.89 
10.80 
10.87 
10.91 
10.87 
12.12 
12.08 
12.17 
12.16 
12.13 
12.65 
12.62 
12.67 
12.70 
12.66 
11.27 
11.16 
11.62 
11.11 
11.29 
12.28 
12.37 
12.31 
12.33 
12.32 
Table A7, 'Wayne* soybean rooting profiles at eight dates during the 1970 growing 
season on Ida silt loam soil at Western Iowa Research Center, Castana, 
Iowa; samples were collected by Nelson-Allmaras soil monolith technique; 
root lengths were estimated by laser root counter 
Sampling davs after planting 
sampling 
depth 64 70 76 77 79 83 90 97 
(cm) 
0-7.5 0.41 0.41 0.53 0.41 0.35 0.20 0.06 0.50 
7.5-15 0.24 0.41 0.79 0.93 0.79 1.12 0.74 0.95 
15-22.5 0.31 0.51 0.75 0.43 0.81 0. 89 0.87 0.76 
22.5-30 0.26 0.32 0.49 0.30 0.64 0.48 0.30 0.35 
30-37.5 0.24 0.24 0.47 0.29 0.47 0.39 0.41 0.46 
37.5-45 0.09 0.18 0.39 0.33 0.45 0.35 0.38 0,49 
45-52.5 0.11 0.30 0.58 0.29 0.40 0.34 0.20 0.55 
52.5-60 0.11 0.31 0.57 0.22 0.49 0.18 0.19 0.73 
60-75 0.05 0.16 0.42 0.26 0.26 0.27 0.25 0.78 
75-90 0.04 0.15 0.40 0.28 0.34 0.35 0.31 0.47 
90-105 0.04 0.13 0.44 0.27 0.44 0.43 0.30 0.46 
105-120 0.03 0.08 0.20 0.25 0.27 0.25 0.20 0.56 
120-135 0 0.05 0.21 0.14 0.25 0.19 0.28 0.32 
135-150 0 0 0.06 0.06 0.15 0.10 0.32 0.21 
150-165 0 0 0.01 0.05 0.01 0.06 0.26 0.08 
165-180 0 0 0 0.02 O.Ol 0.02 0.09 0.04 
180-195 0 0 0 0 0 0 0 0 
Loose roots 9114 13180 2006 2426 9174 2944 19120 13218 
(cm) 
Table A8, Rooting profiles of sorghum (Sorghum bicolor (L.) Moench) 'Pioneer 8674' 
and corn (Zea mays (L.) 'Pioneer 3388' on different dates during the 1978 
growing season at Western Iowa Research Center, Castana, Iowa ; samples 
were collected by Nelson-Allmaras soil monolith technique; root lengths 
were estimated by laser root counter (values of root density in cm/cm^) 
Sampling 
depth (cm) 64 
Days after planting 
70 76 83 91 97 64 
Days after planting 
77 84 90 98 
Sorghum Corn 
0-7,5 0.03 0.49 0.03 0.18 1.49 0.65 0.18 0.67 0.63 0.89 0.70 
7.5-15 0.24 1.19 0.85 0.63 1.07 0.76 0.13 1.53 0.91 1.02 0.85 
15-22.5 0.46 0.78 1.82 1.46 0.64 0.55 0.22 1.39 0.85 0.64 1.26 
22.5-30 0.35 0.42 0.68 0.84 0.48 0.40 0.28 0.55 0.55 0.40 0.54 
30-37.5 0.26 0.30 0.64 0.52 0.38 0.33 0.16 0.43 0.42 0.41 0.47 
37,5-45 0.18 0.43 0.58 0.46 0.3o 0.28 0.13 0.47 0.43 0.36 0.32 
45-52.5 0.09 0.46 0.64 0.55 0.25 0.26 0.10 0.45 0.36 0.33 0.32 
52.5-60 0.04 0.28 0.62 0.42 0.19 0.23 0.03 0.45 0.39 0.38 0.33 
60-75 0.03 0.28 0.38 0.24 0.20 0.19 0.04 0.29 0.33 0.25 0.20 
76-90 0.02 0.24 0,16 0.20 0.21 0.20 0.04 0.20 0.20 0.23 0.18 
90-105 0.02 0.14 0.15 0.17 0.18 0.24 0.02 0.11 0.20 0.29 0.22 
105-120 0.01 0.13 0.05 0.11 0.13 0.21 0.01 0.04 0.09 0.28 0.18 
120-135 0 0.10 0.04 0.09 0.07 0.15 0.01 0.01 0.02 0.09 0.15 
135-150 0 0.03 0.01 0.11 0.03 0.10 0 0 0.02 0.03 0.05 
150-165 0 0.03 0,01 0.06 0.01 0.03 0 0 0.02 0.02 0.02 
165-180 0 0 0 0.01 0.01 0.02 0 0 0.01 0.01 0,01 
180-195 0 0 0 0 TR 
Loose 
roots 1534 400 4039 1633 9452 2558 4496 594 2521 3402 2887 
(cm) 
